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ABSTRACT

Although more than 70 devices were detonated during the two phases of Operation Hardtack,
principal activity by DOD projects was limited to eleven shots. Five of these were DOD shots
and six were developmental. '

Two series of tests were conducted to develop immediate tactical doctrines. Underwater
shots were fired in two environments, one in relatively deep water, and one on the bottom of
Eniwetok Lagoon at a depth of about 150 feet. Although there had been previous underwater
shots, many gaps existed in the knowledge of effects from weapons actually available in stock-
pile. General objectives of this series were attained. Another series of four developmental
shots was heavily instrumented by DOD projects. ,
Only theory, based on
extrapolation from much-higher-yield devices, or from high-explosive tests, existed regarding
effects from a 1-to-20 ton nuclear device. Yields from these four shots ranged from no nuclear
yield, to about 20 tons. Although all of the specific objectives of this program were not realized,
kuowledge of effects has been enhanced in the area of sub-kiloton detonations.

The very-high-altitude shots were possibly the most important tests during Operation Hard-
tack. Three shots were fired at altitudes from 85,000 to 250,000 feet. No previous shots had
been made at these altitudes. Principal considerations were partition of energy, and, of imme-
diate tactical and strategic concern, the effects on long-range communications, and on ICBM’s
in the immediate area. Most objectives were attained, although the need for further investiga-
tions in this region exists.

Many individual projects participated in the low-yield, underwater, and high-altitude events.
In addition, investigations on developmental shots were made in the fields of aircraft response,
nuclear-blast detection, world-wide fallout, underground structures, and neutron flux.

Operation Hardtack was the most extensive operation ever engaged in by the DOD. In general,
the operation was successful, although there were some individual objectives which were not
.chieved. Knowledge of the effects of underwater and very-low-yield surface and near-surface
shots was vastly increased. Much basic knowledge of very-high-altitude effects was gained.
Aircraft and underground structures programs were successful. ‘




PREFACE

Operation Hardtack was concluded on 30 October 1958 with the approach of the Nuclear Test
Suspension. Members of the DOD test organizations had been in the field for 10 months. This
report, as written, is of necessity a Preliminary Report and much of the data is based on proj-
ect ITR’s and early calculations. It is believed, however, that the information contained herein
will be of value. It is emphasized that much of the data is subject to change, as results are
analyzed by the operating projects.

The report is a summary of the seven technical programs which operated during the three
phases (EPG, Johnston Island and NTS) of Operation Hardtack. In addition, a summary of the
activities of the staffs of the Commanders at the various operating locations is included.

Individual chapters and sections of this publication were written by members of the Weapons
Effects Test Group who were most concerned with the activities reported.

In many cases, this report discusses an overall program, and results of individual projects
are not considered separately. For more detailed information on Hardtack results, the reader
is referred to the Preliminary and WT Reports of the projects.
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TABLE A SUMMARY OF SHOT DATA AND ENVIRONMENTAL CONDITIONS FOR ENIWEITOR PROVING GACUND

Code Name Sponsor  Predicted Radi?ch-emxcal H;.'c':od_x"namic Totai o
(Fission) (Total) Recommended
Yucca AFSWP _ 1.7 kf b
Cactus LASL 16.9 = 1.6 &kt 17.5 =2 1.5kt
Fir UCRL 1.36 = 0.03 Mt 1.36 = 0.03 Mt
Butternut LASL §3.53 = 8.4kt §2 =28 %
Koa LASL 1.30 = 0.08 Mt 1.30 = 0.03 Mt
Nahoo AFSWP - 10.5 = 1.3 &t
Holly LASL 3.72 2 0.39 kt 3.9 0.5 &kt
-Nutmeg UCRL 22,3 = 1.0 kt 25.0= 1.2 %t
Yellowwood LASL 330 = 27 ket 320 = 25 kt
Magnolia LASL §57.3 = 3.6 kt 57 =2 $ ke
Tobacco LAsSL 1i.6 = 0.3 kt 11.3 = 1 kt
Sycamore UCRL 91.3 = 6.0 kt 91.8 = 6.0 kt
Rose LASL 15.8 = l.1 Kkt 152 1kt
Umbrella AFSWP —_ 9= l.é kt
Maple UCRL 204 = 10 kt 213 = 10 kt
Aspen UCRL 319 = 8 kt 319 = § kt
Walnut LASL 1.46 = 0.09 Mt 1.46 = 0.09 M:
Linden LASL 10.2 = 0.8 kt 11 =1 kt
Redwood UCRL 412 = 7 kt 412 = 7 kt
Slder LASL 887 = 57 kt 900 = 60 kt
Oak LASL 9.01 = 0.65 Mt 8.9 = 0.6 Mt
‘Hickary UCRL 13.4 = 0.4 kt 13.2 = 1.4kt
Sequoia LASL 4.95 = 0.39 kt 5.1 % 0.4 kt
Cedar UCRL 220 = 15 kt 220 = 15 kt
Dogwood UCRL 397 = 10 kt 397 = 10 kt
Poplar UCRL 9.3 2 0.3 Mt 9.3 = 0.3 Mt
Pisonia LASL 256 = 20 kt 256 = 23 kt
Juniper UCRL 63.5 = 4.0 kt 65.0= 3.3 &kt
Olive UCRL 202 =7 kt 2022 7T kt
Pine UCRL 2.0 = 0.1 Mt 2.0 2 0.1 Mt
Teak AFSWP —_ 3.8 Mt==
Quince AFSwWpP 0 0
Orange AFSWP — 3.8 Mtes
Fig AFSWP 13 = 4 tons 21 =1 tons

¢ Not corrected for transmission time.

¢ Estimated from dry runs. World time clock not triggered.

T Tide in feet above mean low low water.

$ Depth of device was 500 feet in 3,200 feet of water.

¢ Depth of device was 150 feet on lagoon bottom. —
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TABLE A SUMMARY OF SHOT DATA AND ENVIRONMENTAL CONDITIONS FOR ENIWETOK PROVING GROUND (C.O N”r_)

TIME AND LOCATION

Code Name (E;lé) ggg)‘ Device Environment o?esiiztst Atoll Site
. ft
Yucea 28 Apr  1440:00.256 = 0.001 Free Balloon 85,000 Bikini USS Boxer 60 mi W of Bikini
Cactus 6 May 0615:00.142 = 0.001 Ground Surface 3 Eniwetok Yvonne
Fir 12 May  0550:00.1+8 = 0.001 Barge 9.88 Bikini Charlie
Butternut 12 May  0615:00.113 = 0.001 Barge 10.13 Eniwetok Yvonne
Koa 13 May  0630:00.145 = 0.001 Ground Surface in 10' water tank 3.0 Eniwetok Gene
“Wahoo 16 May  1330:00.5=0.1% Underwater — 500§ Eniwetok SW of Irvin
<olly 21 May  0630:00.116 = 0.001 Barge 13.06 Eniwetok Yvonne
Nutmeg 22 May  0920:00.151 = 0.001 Barge 12.11 Bikini Tare
Yellowwood 2.6 May  1400:00.1345 Barge 10.52 Eniwetok Janet
Magnolia 27 May  0600:00.1096 - ' Barge 13.88 Eniwetok Yvonne
Tobacco 30 May  1415:00.1507 Barge ' 9.06 Eniwetok Janet
Sycamore 31 May  1500:00.1457 # 0.001 Barge 11.64 Bikini Charlie
Rose © 3Jun 0645:00.1123 Barge 15.43 Eniwetok Yvonne
Umbrella 9 Jun 1115:00.244 = 0.001 Underwater (lagoon bottom) . —1507 Eniwetok NNE of Henry
Maple 11 Jun 0530:00.1417 = 0.001 Barge 11.58 Bikini Fox
Aspen 15 Jun 0530:00.1361 = 0.001 Barge ‘ 10.82 ~ Bikini Charlie
Walnut 15 Jun 0630:00.1401 = 0.001 Barge 7.21 Eniwetok Janet
Linden 18 Jun 1500:00.1160 = 0.001  Barge . 8.25 Eniwetok  Yvonne
Redwood 2§ Jun 0530:00.1373 \ Barge 10.79 Bikini Fox
Elder 28 Jun 0630:00.130 = 0.020 Barge 9.17 Eniwetok Janet
Oak 29 Jun 0730:00.1467 Barge 6.5 Eniwetok Alice
‘Hickory 28 Jun 1200:00.1453 Barge 12.11 +  Bikini Tare
Sequoia 2 Jul 0630:00.1320 Barge 6.5 Eniwetok  Yvonne
Cedar 3 Jul 0530:00.1369 Barge _ 10.84 Bikini Char]ié
Dogwood 6 Jul 0630:00.2+%3 Barge 12.25 Eniwetok Janet
Poplar 12 Jul 1530:00.141 Barge 11.66 ~ Bikini Charlie
Pisonia 18 Jul 1100:00.123 Barge 6.5 Eniwetok  Yvonne
Juniper 22 Jul 1620:00.139 Barge 12.11 Bikini Tare
Olive 23 Jul 0830:60.224 Barge 8.0 Est . Eniwetok Janet
Pine 27 Jul 0830:00.232 Barge 8.0 Est Eni\a;'etok Janet
Teak 31 Jul 2350:05.597 Redstone Missile 250,000 Johnston —
Quince 6 Aug 1415:00.185 = 25 Surface —_ Eniwetok Yvonne
Orange 11 Aug  2330:08.607 Redstone Missile 141,000 Johnston  —
Fig 13 Aug  1600:00.2516 Surface —_ Eniwetok Yvonne
* Not corrected for transmission time. 1 Tide in feet above me-an low low water,

1 Estimated from dry runs. World time clock not triggered. § Depth of device was 500 feet in 3,200 feet of water.

¢ Depth of device was 150 feet on lagoon bottom.

** Recommended yield based on similar device previously tested. (Yield not measured on this shot.)
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TABLE A SUMMARY OF SHOT DATA AND ENVIRONMENTAL CONDITIONS FOR ENIWETOK PROVING GROUND (CﬂNT.)

METEOROLOGICAL CONDITIONS (Surface)

Statton  Holmes and Narver Air Air Tem- Dew e, Tide at Wind Relative

Code Name Number Coordinates Pressure perature Point Visibility Zero Timet Direction Velocity Humidity

North East mb 13 F miles ft deg knots pct
Yucca 42 -_ — ~1,011.5 78.2 69.6 10 3.2 055 20 75
Cactus 20 106.370.00 124,215.00 1,010.5 80 72 10 1.8 070 13 76
Fir 5 170,600.00 76,200.00 1,009.2 80.0 73.0 10 3.0 070 17 80
Butternut 33y 100,811.78 123,319.35  1,008.6 80.6 74.0 10 2.6 030 12 80
Koa 21 149,360.00 71,120.00 1,010.5 81.0 74.0 10 ' 2.0 050 16 79
“wahoo 44  29,550.45  61,514.78  1,013.1 87.5 73.0 10 3.4 090 15 63
Holly 34 .01,834.10 124,942.76  1,010.2 80.6 75.0 10 4.4 090 16 83
Nutmeg 11~ 99,949.89 110,951.12  1,012.5 81.3 72.5 10 3.1 080 11 76
Yellowwood 26 143,993.96  178,161.29  1,010.8 87.0 73.0 10 2.0 090 14 63
Magnolia 32 101,343.99 124,160.63  1,010.5 80.0 = 72.0 10 2.1 090 14 76
Tobacco 30 145,137.26  79,778.65  1,010.2 84.0 75.0 7 4.1 080 12 74
Sycamore 5 170,600.00  76,200.00  1,008.1 83.4 74.0 10 5.0 080 15 73
Rose 23 100,810.98 123,315.00 1,008.1 80.9 74.0 10 4.2 090 22 79
Umbrella 43 42,614.65  76,029.01  1,010.8 86.0 72.0 10 2.9 050 20 63
Maple s 169,298.97 126,798.01  1,010.5 80.7 74.0 10 2.4 070 22 81
Aspen = 170,601.07 76,071.05 1,011.1 ‘ 81.3 74.0 10 ’ 2.8 050 18 78
Walnut 3" 143,995.91 78,168.42 1,011.0 80.8 76.0 10 3.0 090 17 84
Linden éa 101,876.77 125,011.80 1,010.2 88.1 77.5 10 3.2 090 13 71
Redwood 9 169,333.30 126,787.28 1,010.1 81.2 78.5 10 2.2 065 10 92
Slder " o+ 145,136.42  79,789.53  1,008.7 81.3 74.0 10 1.2 090 17 78
Oak 25 124,981.45 36,108.02 1,009.5 81.1 76.5 10 1.4 120 14 87
Hickory 12 99,950.35 110,951.78 1,010.1 82.0 81.3 10 2.3 090 8 84
Sequoia 24 101,870.70 124,999.56  1,007.3 80.9 76.0 10 3.3 080 17 83.5
Cedar % 170,600.45 76,203.93 1,010.2 83.2 76.3 10 5.0 070 16 79
Dogwood «+  145,135.10 79,786.30 1,008.9 81.3 77.0 10 3.6 030 17 85
Poplar 4 169,650.45 72,870.51 1,008.1 82.3 81.9 10to 7 2.3 070 11 99
Pisonia 24 103,212.29 114,678.21 « 1,011.5 80.3 74.9 4t0l 0.7 020t0 200 4t 7 83
Juniper 15 99,950.77 110,949.79  1,009.5 87.5 " 78.9 10 0.9 090 17 " 76
Olive 16 145,137.81 79,790.26  1,009.7 79.6 76.0 8 3.5 130 13 89
Pine “ 10 142.548;79 76,109.98 1,009.3 80.1 75.5 10 1.3 220 16 85
Teak _— —_ — — —_— — -— —_— —_ -— —_
Quince 15 103,950.00 126,185.00 1,009.9- §9.7 77.5 10 — 090 12 67 °
Orvange . —_ — —_ —_ _ —_ —_ —_ _ — —_
Fig 15 103.950.00 126,185.00  1,00%.8 86.1 78.0 10 - 080 16 77

* Not corrected for transmission time. t+ Tide in feet above mean low low water.
t Estimated from dry runs. World timé clock not triggered. - § Depth of device was 300 feet in 3,200 feet of water.

¢ Depth of device was 159 feet on lagoon bottom.

=» Recommended yield based on similar device previously tested. (Yield not measured on this shot.)
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- Chaprer |
INTRODUCTION
1.1 BACKGROUND

In memorandums of 5 June 1956, 24 January 1957, and 4 February 1957, the Joint Chiefs of
Staff approved incorporation of the following special shots in Operation Hardtack: (1) a very-high-
altitude, balloon-borne detonation {90,000 feet) of about 2 kt (Shot Yucca); (2) a very-high-altitude,
missile-borne detonation (250,000 feet) of about 4 Mt (Shot Teak); (3) an additional missile-borne
detonation (125,000 feet) of about 4 Mt (Shot Orange); (4) an underwater event of about 10 kt det-
onated at 500 feet below the surface in 3,000 feet of water (Shot Wahoo); and (5) an additional
underwater event detonated on the bottom of Eniwetok Lagoon in 150 feet of water (Shot Umbrella).

The Joint Chiefs of Staff also authorized the Armed Forces Special Weapons Project (AFSWP)
to plan and implement, in coordination with the various services and the AEC, appropriate test
programs to be conducted in conjunction with the a.forementxoned detonatlons and to select ap-
propriate nuclear devices.

The Chief, AFSWP,. formulated these plans, and also a number of separate projects to be
conducted in conjunction with selected development shots. Projects were designated with various
private and governmental laboratories as project agencies.

During the final planning and operational phases of the operation, the number of scheduled

_ shots was increased from 25 to 35 and some projects were added and a few deleted. (See Table

1.1 for final operating projects and agencies). Most shot additions had little effect on Depart-
ment of Defense (DOD) participation with the exception of Shots Quince and Fig, development
shots predicted to be approximately 10 to 50 tons in yield. They were of great interest to the
DOD and extensive participation was authorized. Another change which vitally affected planning
and organization was the movement of Shots Teak and Orange from Bikini Atoll to Johnston Is-
land, and the resulting delay of three months.

A second phase of Operation Hardtack was conceived near the end of the Pacific Operation.
Tests involved in this phase were conducted at the Nevada Test Site (NTS). Primary DOD in-
terest again centered around very-low-yield devices.

The overall Research and Development costs, including the major changes noted, were budg-
eted at $28,662,074.

The operational phase opened with the firing of Shot Yucca between the Eniwetok and Bikini
Atolls on 28 April 1958, and ended at 2400, 30 October at the NTS when, by Presidential decree,
an atomic test suspension became effective.

1.2 OBJECTIVES

All EPG detonations during Operation Hardtack were barge shots except the five DOD shots
mentioned in Section 1.1 and four surface shots (Cactus, Koa, Quince and Fig). NTS shots in-
cluded balloon, tower and underground detonations. Major DOD efforts were concentrated on
Shots Yucca, Cactus, Koa, Wahoo, Umbrella, Teak, Orange, Quince, Fig, Hamilton, and
Humboldt, although individual projects participated in other shots.

Department of Defense program participation was of a greater magnitude than on any pre-
vious operation. Most experiments conducted in the EPG were of a nature that could not be
carried out at the NTS, due to yield or environmental requirements.

Program 1 was designed to determine air blast, underground shock, and underwater shock




parameters and effects. Primary participation included the underwater shots, Wahoo and Um-
brella; three surface shots, Koa, Cactus, and Fig; and the very-high-altitude shot, Yucca. Un-
derwater and air-blast pressures from the underwater events provided input data to assist the
individual services in determining safe-delivery ranges for ships and aircraft, and to support
the target-response projects of Program 3. Ground-shock measurements from the surface
bursts provided design criteria for hard underground structures and missile sites. Air-blast
information from the very-high-altitude shot provided data to check theoretical estimates of
energy partition at high altitude. In addition, blast and crater measurements made on a very-
low-yield weapon will be of particular interest to the ground forces.

Program 2 objectives were of a diversified nature.

(a) Participation in the underwater events was developed to determine the gross radiological
hazards resulting from underwater bursts. Included were free-field measurements, deck and
selected compartment contamination, and ingestion and inhalation hazards from contammatxon
entering the ships via ventilation and combustion air systems.

(b) Neutron-energy-spectrum data collected will be used to supplement the presently inade-
quate knowledge of neutron-energy spectrums from thermonuclear weapons.

(c) Prompt-neutron measurements were to be determined from a very-high-altitude, smali-
yield weapon and the neutron-energy spectrum and gamma-ray dose at several distances from
the two very-high-altitude, megaton-yield detonations were to be determined.

(d) Radiation measurements in the nuclear cloud were to be made to obtain better data con-
cerning the contribution of radioactive debris to world-wide contamination.

(e) Neutron and prompt-gamma measurements, as well as close-in fallout data, were to be
obtained from a very-low-yield device.

Program 3 was designed for determination of the effects of underwater bursts on surface and
subsurface vessels, and for the study of several types of land structures under various loading
conditions. Information obtained from underwater bursts will aid in formulation of operational
doctrine regarding delivery ranges and tactics for both surface and subsurface ships. Informa-
tion obtained on the response of ship’s structures will provide criteria for future designs. Data
obtained from various earth-covered flexible arches tested under both long and short duration
air blas.., and deep reinforced-concrete slabs, tested under blast loading, will assist in deter-
mining construction criteria for future underground structures.

Program 4 was activated during the operational phase to determine the extent of chorioretinal
damage caused by direct exposure to very-high-altitude, high-yield nuclear detonations at dis-
tances from 50 to 350 naut mi from ground zero, and to relate experimental results to theoret-
ical calculations. An extensive program was conducted at NTS to determine effects on animals
located in field fortifications and armored vehicles near a very-low-yield burst.

Nuclear weapon delivery by manned aircraft is often limited by weapon blast and thermal ef-
fects on the delivery aircraft, and by nuclear radiation of the crew. Test data has indicated that
blast inputs and skin-temperature rise can be predicted within satisfactory limits, but that pre-
diction of the response of the aircraft to these inputs is much less reliable. In order to perfect
delivery tactics in the ranges of critical safety margins, B-52D, A4D-1, and FJ-4 aircraft were
to fly several missions each, collecting data on the results of various inputs for Program 5. In
addition to immediate problems of delivery tactics, much of the experimental data will provide
information to modify and refine prediction methods for more general apphcatlon to all aircraft
types.

Program 6 was assigned highly diversified objectives. They can be roughly divided into four
categories.

(a) Electronic equipment located at various distances from the zero point was to collect data
to determine the feasibility of using the electromagnetic pulse from a nuclear blast as a detector
of future bursts over long and short ranges, and to study the fireball and nuclear cloud by radar
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to determine ground zero and yield for use in tactical situations.

(b) Investigations were to be made of the ionization effects of high-altitude detonations on
communications systems dependent on the ionosphere for propagation, and to determine whether
ICBM or antimissile missiles could be detected or controlled in the vicinity of a recent high-
altitude detonation.

(c) Investigations of the deleterious effects on fuses and their components as a result of gam-
ma rays and neutrons from nuclear explosions were to be made.

(d) On underwater shots, experiments were to be made to determine the feasibility of using
nuclear explosions to clear Naval mine fields. This information will be of great interest to the
Navy for both offensive and defensive warfare. ¢

One of the objectives of Program 8 was the evaluation of laboratory methods for determining
the effects of thermal radiation on materials, a continuation of studies begun during Operation
Plumbbob. The most important objective of current and urgent concern to the national defense
was the investigation of damage-producing parameters associated with thermal radiation from
high-altitude detonations. Of these, the thermal X-radiation was particularly important as a
possible means of destroying incoming ICBM’s. The program also assisted Program 4 in the
study of retinal burns and made measurements of the thermal radiation from very-low-yield
detonations.

Program 9 was assigned a support mission, including documentary photography and support
photography for all projects requiring this service. In addition, several projects were created
to provide the carriers (balloons and missiles) for the high-altitude events. Special assistants
to the Commander, TU-7.1.3, were designated to coordinate these activities with various project
agencies.

1.3 SUMMARY OF SHOT DATA ‘ }

Yields, meteorological data, and environmental data at firing time are shown at the beginning
of this report. These yields must be considered preliminary and are subject to change.

1.4 PROJECT PARTICIPATION

Table 1.1 indicates the shots on which each project participated.

1.5 ORGANIZATION

Under the authority of Secret letter, file SWPWT/960, Chief, AFSWP, dated 2 June 1953,'
subject: “Tests Involving Nuclear Detonations Participated in or Conducted by Agencies of the
Government of the United States Outside the Continental United States, ” the responsibility of the
Preparation, Operation, and Post-Operation Phases of Operation Hardtack was assigned to Com-
mander, Field Command, AFSWP.

The Director, Test Division, Weapons Effects Test Group, a staff agency under the Commander,
Field Command, AFSWP, was assigned the function of detailed planning and field implementation
of the military weapon-effect program, Operation Hardtack.

At the onset of Operation Hardtack, organization planning for the Task Unit 7.1.3 (TU-7.1.3)
staff had been completed and was subdivided into two operating sections. The largest section
was to be on Eniwetok Atoll where the majority of projects were located. A smaller composite
staff was to be based at Bikini Atoll where the principle objectives were concerned with the three
very-high-altitude shots. A deputy commander was designated for each atoll, thus allowing the
Commander, TU-7.1.3, freedom of action in supervising DOD efforts for the entire operation.
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TABLE 1.1 PROJECT PARTICIPATION, PACIFIC PHASE

ENIWETOK SHOTS BIKINI SHOTS
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Walnut
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Organizational and personnel planning had all been based on the two-staff concept, with both staffs
in supporting distance of each other.

In January 1958, pe'rsonnel of the advance party began to arrive at the Eniwetok Proving Ground
(EPG). TU-7.1.3 was organized as a part of Joint Task Force 7 to conduct approved weapons-
effects tests under the operational control of CTG-7.1 and the technical direction of the Chief,
AFSWP (see Figure 1.1). It was activated on 15 March 1958, being completely operational on
that date, with the organization functioning as outlined in the preceding paragraph. This organ-
ization functioned smoothly until the first week in May. At that time, for valid reasons, higher
authorities decided to move the launch sites for Shots Teak and Orange, the missile-borne, very-

COMMANDER | CHIEF
JTF 7 | AFswp
' B
l
|
1
OTHER COMMANDER _ COMMANDER
TASK GROUPS TG7.1 —Ir FIELD COMMAND
] |
| 11
TASK TASK COMMANDER
UNITS UNITS TU3

Figure 1.1 Organization of Joint Task Force 7.

high-altitude detonations, from Bikini Atoll to Johnston Island. The problems created in moving
project personnel and equipment after completion of most construction and instrumentation will
not be discussed here. However, the creation of a new staff necessary to man Johnston Island
taxed the TU-7.1.3 headquarters personnel to the limit. At that time, fortunately, most project
participation at the Bikini Atoll had been completed. This staff was reduced to one officer and
one enlisted man. Personnel thus relieved formed the nucleus of the TU-7.1.3 Headquarters
Staff at Johnston Island. Additional personnel were necessary, however, due to three facts:

(1) the need for rapid construction, (2) a major change in the participation of many projects due
to the shortage of land stations, and (3) Johnston Island was beyond the distance for direct sup-
port of some of the staff agencies on Eniwetok. Additional personnel were furnished by the Eni-
wetok staff and by sending additional personnel into the field from the Sandia Base office of the
DC/S Weapons Effects Tests. A deputy for the Commander TU-7.1.3 was appointed for Johnston
Island (Figure 1.2). ~

Midway in the Operation, an additional shot of great interest to the DOD, a very-low-yield
device, was added. A reduced TU-7.1.3 staff was required in the EPG for an additional six
weeks. Offices on Johnston Island were closed on 23 August, and on Eniwetok on 26 August.
However, some personnel remained at both sites for several additional days to complete roll-up
activities. ‘ .

Prior to return of all personnel from the Pacific, the NTS phase of Operation Hardtack came
into being. The organization followed the DOD NTS pattern. The DC/S, Weapons Effects Tests,
became the Military Députy Test Manager, and the DOD Test Group, having similar functions to
TU-3 in the Pacific, became the operating agency for Weapons Effects Tests. The final detona-
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tion at the NTS occurred on 30 October 1958. ,
In summation, the staffs supervised seven programs consisting of 47 projects in the EPG
proper, six programs with 18 projects at Johnston Island, and five programs of 11 projects at

NTS.

1.6 PERSONNEL

It was considered advisable for the Personnel and Administration Officer from the Support
Division, Weapons Effects Tests, FCWT, to augment the TG-7.1 Staff as an Assistant Adjutant
General at an appropriate time, primarily for the issuance of overseas travel orders, inasmuch
as the plans and problems of TU-3 personnel (approximately half of TG-7.1) were more familiar
to FCWT. All administrative procedures relative to requests for orders, issuing of Civilian
Identification Cards, and Military Air Transport Service (MATS) reservations for DOD agencies
were processed through FCWT and coordinated with Program Directors and the FCWT Security
Officer. Request for travel orders for TU-3 personnel continued to be processed through FCWT
at Albuquerque, New Mexico, even after TU-3 was activated at the EPG. Figure 1.3 shows the
TU-3 personnel strength as a function of time during the Hardtack operational phase. Section
1.15 discusses the personnel arrangements at the NTS.

1.7 ADMINISTRATION

The Administrative Section of TU-3 maintained offices at Eniwetok, Bikini and Johnston Is-
land. Each office provided the following services for those TU-3 personnel on its respective
locations: (1) distribution of official and personal mail with related systems for suspense files,
locator files, and correspondence logs; (2) maintenance of TU-3 central files; (3) maintenance
and supervision of the control and receipt system for classified documents; (4) processing of
outgoing correspondence; (5) mustering of personnel; (6) assistance in the preparation and dis-
semination of administrative practices directed by higher headquarters; (7) assistance in cor-
respondence of service members with their parent organizations on military matters; and (8)
reports and reservations for air and surface transportation for return to the Continental United
States. The administration at NTS is discussed in Section 1.15.

1.8 SECURITY AND CLASSIFICATION

As during Operation Redwing, only certain aspects of the overall security function were as-
sumed by the TU-7.1.3 office for the EPG phase of Operation Hardtack. These aspects consisted
primarily of TU-3 badge-request processing, the maintenance of TU-3 security clearance rec-
ords, and security liaison with TG-7.1 and TG-7.5, responsible for physical security functions.

The TU-3 and TG-7.1 Classification Officers operated a joint facility during the Eniwetok por-
tion of the Operation. However, for the Johnston Island portion, these functions were separated.

For the NTS phase, personnel of the Security Office, FCWT, were integrated into a Joint AEC-
DOD Pass and Badge Office on 4 September 1958. The primary mission of the DOD Security Of-
fice was the certification of military clearances and the assignment of appropriate sigma cate-
gories. Unlike previous continental tests, certain clearance formalities were eliminated, due
to lack of time. This office ceased operations at the NTS on 4 November 1958, at which time
clearance action reverted to the FCWT Office at Sandia Base, New Mexico.

1.9 OPERATIONS ' -

During the planning phase of Operation Hardtack, the Operations Branch of Weapons Effects
Tests (WET) was occupied with reviewing project plans, consolidating and coordinating opera-
tional requirements, and coordinating and publishing general planning information. Summaries
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involving the requirements for ships, aircraft, sample return flights, timing signals, communi-
cations facilities, navigational aids, weather information, and radiological safety, were prepared.
Requirements information was extracted from project status reports, and with the experience
from previous operations, formed the basic concept for Operation Hardtack operational planning.
FCWT planning directives and SOP’s assisted in providing guidance to projects on operational
planning. :

During the operational phase, the Program Directors handled the direction and 1mp1ementa-
tion of project participation. The Operations Section reviewed, consolidated, and coordinated
event data, daily transportation needs, communications and timing requirements, and main-
tained continuous liaison with the J-3 Section of TG-7.1 in supplying these requirements. Cur-
rent operational schedules, weather data, timing schedules, and current situation information
was maintained by Operations Branch, and Program Directors and Staff Agencies of TU-3 were
kept advised of all changes. Other operational functions such as reports, postshot information,
general operational assistance, etc., were provided through Operations Branch. The Operations
Officer with TU-3 offices at Bikini provided similar assistance to Bikini projects.

Planning for the high-altitude events (Shots Teak and Orange) had been completed and carried
almost te completion when the site location was changed from How Island, Bikini, to Johnston
Island. Planning was begun immediately at Eniwetok on notification of the new site and continued
at WET at Sandia Base during May and June 1958. Consolidations of requirements involving
ships, aircraft, sample return and film processing flights, timing signals, rocket firing, manned
stations, weather data, practice rehearsals, etc., were prepared from review of revised project-
status reports and the initial status reports of added projects.

On Johnston Island and at Hawaii, projects were grouped under composite Program Directors,
who accomplished a large part of the operations work within the projects.

The Operations Section within TU-3 assisted as requested, published information and sche-
dules as necessary, coordinated matters affecting more than one program, and performed nor-
mal operations functions. '

1.10 T"AMMUNICATIONS

The primary communications function was to determine those facilities and/or services nec-
essary to sustain military-effects programs and initiate action through support agencies for im-
plementation.

Eniwetok-Bikini Atall. TG-7.2 operated terminal telephone and teletype facilities at
Ediwetok-Fred Island providing service to all activities. TG-7.5 provided all other inter- and
intra-island communications support, including cryptographic, within the complex. Individual
projects operated their own scientific communications equipment.

Inter- and intra-island telephone systems were adequate for routine command and administra-
tive purposes, but could not support remote-area, off-atoll, and shipboard activities of TU-3
programs and projects. This latter requirement was provided through a series of six radio net-
works with 63 stations at Eniwetok and three radio networks with 49 stations at Bikini. Radio
Sets AN/VRC-18 and AN/PRC-10 were utilized, and operated satisfactorily in these nets.

JTF-T7 coordinated and allocated all frequencies to support operations. TU-3 programs and
projects, utilizing 55 frequencies from 0 to 9,800 Mc in support of their scientific effort, exper-
ienced no major interference problems.

Johnston Island. JTF-7 operated all base and terminal communications facilities, in-
cluding cryptographic. - Due to the concentrations of scientific stations, wire circuits were uti-
lized primarily for intra-island service with radio relegated to a secondary roll.

JTF-17 allocated 58 frequencies from 0 to 10,125 Mc for the TU-3 scientific programs and
projects. Frequency interference from all conceivable sources was a continuing problem through-
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out this phase of operations. Adequate means for determining interference sources were lacking.
Although electromagnetic-countermeasure (ECM) equipment was available, it was relatively in-
effective, due to equipment and antenna design limitations. Generally, ECM receiver sensitivity
was far below that of scientific equipment. ECM equipment of the latest design should be avail-
able for future operations involving large scale radio-frequency radiations.

NTS. The AEC, through their contractor organizations, provided all telecommunications
service to support the military-effects programs. Overall requirements were minor, and in-
cluded normal administration telephones, and one radio network with two base stations and 15
mobile stations. Scientific frequencies were not required, and no problems were encountered.

1.11 TIMING SIGNALS AND VOICE COUNTDOWN

The TU-3 Electronics Staff Officer was responsible for the implementation of all timing signal
requirements requested by DOD projects. These timing signals actuated project test instrumen-
tation at specific times prior to, and at shot time. Requirements requested in Project Monthly
Status Reports were reviewed, consolidated, and forwarded to all interested agencies.

Timing Signals and Voice Countdown were provided by Edgerton, Germeshausen and Grier
(EG&G) ,\ an AEC civilian contractor. All timing equipment was provided and maintained by this
firm. Installation of all wire from the timing-distribution stations to project location was pro-
vided by Holmes and Narver (H&N), another AEC civilian contractor.

Timing signals were received by means of hardwire and radio-tone receivers.  Hardwire sig-
nals were available at most of the land stations, while radio-tone receivers were utilized at re-
mote stations. Timing signals on ship stations were provided by a central radio station on each
major ship, and then by wire to project stations. On the missile-borne very-high-altitude events,
service to the distant project sites created new problems involving transmission of timing signals
and voice countdown over long distances, availability of suitable transmission facilities within
limited frequency allocations, and transmission of security event time information requiring im-
mediate action. These distant project $ites were provided voice countdown service transmitted
by single-side band equipment.

Timing signal dry runs were provided twice daily to give maximum assurance of instrument
reliability at shot time. All projects were urged to participate on as many dry runs as possiblé.
Additional timing signal dry runs were provided when necessary.

1.12 SUPPLIES AND EQUIPMENT

Standing Operating Procedure 40-1, 26 July 1957, was published to provide logistic informa-
tion and to delineate logistical areas of responsibility to DOD projects. Projects were requested
to anticipate their technical supply requirements for the entire operation and to procure these
supplies for shipment to EPG, or to request assistance from FCWT. In most cases, the projects
performed this action in a most complete manner. Emergency channels for the procurement of
supplies were arranged either through the J-4 section of TG-7.1 or the equipment section of the
AEC contractor. Normal housekeeping, office and limited technical requirements were obtain-
able through J-4, TG-7.1, and as supplemented by expendable office supplies furnished by FCWT.

Standing Operating Procedure 40-2, 10 September 1957, was published to assist DOD projects
to properly prepare, mark and ship supplies and equipment to, from, and within the EPG. Dis-
tribution of these SOP’s included separate mailing to each agency’s transportation office, plus
a copy to the Project Officer. Reports from the port officials indicated some equipment was
still received with improper or incomplete marking. However, it was noted that there was a
marked improvement over past operations. The shipment of supplies and equipment from the
EPG to the United States was monitored by the J-4 Section and a representative of TU-3. Con-
sequently, retrograde shipments progressed more smoothly and with a decrease in lost or mis-
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routed supplies. This was true, in spite of the necessity to divert shipment to Johnston Island,
and later to divert equipment to NTS for the second phase of Operation Hardtack.

1.13 CONSTRUCTION

The initial requirements for construction were originally requested firom all approved proj-
ects by Headquarters, AFSWP early in June 1957. As the requirements for construction were
received by Chief, AFSWP, they were transmitted to FCWT, which was still in the field in Op-
eration Plumbbob. Since many participating agencies were also engaged in Operation Plumbbob,
very few construction requirements were actually received until approximately mid-September
1957. From this time until approximately early December 1957, construction requirements
were received in good order although somewhat late under an ideal time table. The architect-
engineer produced the preliminary and final drawings promptly after submission of criteria, and
there was no hold-up in the field for lack of drawings.

Operation Hardtack, like the preceding overseas operation, involved a c0n51derab1e amount
of ship modification work in a number of Naval shipyards. In order to coordinate this work and
maintain an effective control over both costs and progress, an experienced Naval officer was as-
signed to FCWT and stationed at the Long Beach Naval Shipyard. From this location, the work
at all West Coast shipyards was coordinated and controlled. This arrangement worked excep-
tionally well, and resulted in substantial savings in time and money, as compared to prevmus
operations.

It was found that all DOD construction, with the exception of certain Army Ballistic Missile
Agency (ABMA) facilities on How Island, was in excellent shape from the standpoint of progress
and schedules when it arrived in the field. The work on How Island was completed reasonably
close to schedule, but only after expenditure of excessive overtime. All other test construction
for DOD project participation elsewhere in the EPG was completed well within scheduled dates.
This was a marked contrast to the previous operation.

Construction of support facilities, such as new barracks and laboratories, was from three to
four weeks behind schedule and was never made up. The effects of this situation were minimized
to a degree by moving projects around to utilize existing space asysig’ned to late arriving projects.

The decision to transfer the two ABMA shots to Johnston Island required a major amount of
redesign and site adaptation of already-constructed facilities on How Island. Since all interested
personnel were at the EPG, the redesign was accomplished by the architect-engineer at the EPG.
One member of the G-6 staff of FCWT was detached and sent to Johnston Island to supervise the
TG-17.1 construction at that site.

Soon after return of the FCWT group from the EPG and Johnston Island, the second phase of
Hardtack was initiated at NTS. The total DOD construction requirement for this operation was
not large, compared to previous Nevada operations. However, the time schedule was extremely
short and tight, requiring extensive effort on the part of all participating agencies to meet test
schedules. All of the design was done in the field with construction closely following, and in
many cases with no formal drawings.

The cost of test construction at the EPG was approximately $1,650,000. The cost of construc-
tion at Johnston Island was approximately $617,000. Support work-order costs in the EPG were
listed at $85,000 and at Johnston Island as $103,000. "Construction at the Nevada Test Site was
listed at $49,000, with approximately $22,000 for field-support work.

1.14 FISCAL

1. The following information will deal almost exclusively with Research and Development
Funds under the control of CHAFSWP, as information is not available to Commander FCAFSWP
with respect to expenditures by other services. However, on 10 September 1957, a summary of
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expected expenditures was reported and is listed here to indicate the magnitude of this type of
operation. ‘

Agency R&D Funds Other Funds Totals

AFSWP $18,970,000 $13,000,000 $31,970,000
Army 3,758,250 — 3,758,250
Navy 2,291,000 8,109,000 10,400,000
Air Force 425,000 3,650,000 4,075,000
Grand Total $25,444,250 $24,759,000 $50,203,250

2. As noted above, $18,970,000 was budgeted by AFSWP in September 1957. Following is a
list of increases necessitated by increase in scope of approved projects, additional projects,
and the move to Johnston Island.

Source - Project Amount
AFSWP 6.5 $ 800,000
AFSWP 6.11 600,000
AFSWP Johnston 2,962,576
AFSWP Quince 677,000
AEC 2.8 240,000
Air Force 1.8 - 117,500
Air Force 1.12 . 10,000
Air Force 1.7 50,000
Air Force 1.9 64,000 .
Air Force 8.6 . 30,000
Air Force Very high altitude 400,000
Total 5,951,076
AFSWP 18,970,000

Grand Total,
R&D Funds Controlled by AFSWP, 24,921 076

From economies effected in the field it is anticipated that approximately $110,000 will be re-
turned to the Air Force, plus $500,000 to $600,000 made available to finance the NTS portion of
Operation Hardtack. '

3. Terminating cost figures will not be available until the final test reports are submitted
by the laboratories. However, it appears that R&D expenditures for EPG, Johnston Island and
NTS will be: ‘

Laboratory Expenses $19,000,000
Field Costs (Construction, Photo, Timing, etc.) 4,075,000
Grand Total $23,075,000

1.15 ORGANIZATION AND LOGISTICS AT NTS

Support Group. The DOD Support Group (Support Division, Weapons Effects Tests,
Field Command, AFSWP) functioned as an element under the Office of the Test Manager. The
Military Deputy Test Manager (Deputy Chief of Staff, Weapons Effects Tests) exercised super-
vision over the Support Group. The mission was to provide administrative and logistical sup-
port to DOD/AFSWP participating agencies. In addition, logistical support was furnished the
AEC per instructions to the Commander, Field Command, AFSWP, from the Chief, AFSWD,
for implementing the Operation.
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Supply and Procurement. The General Supply Branch of the Support Group began
operations 25 August 1958. .The President’s announcement on 22 August that test operations
would be suspended 31 October 1958 was the implementing order. The mission was to provide
depot, post camp and station supply support to DOD/AFSWP agencies. Requisitions from tech-
nical service sources and General Services Administration (GSA) for the period 25 August 1958
to 15 December 1958 totaled approximately $15,000. Reynolds Electrical and Engineering Com-
pany (REECO) supply facilities were utilized to a greater extent than in past operations because
of the short preparatory phase for the Operation. Supplies and services obtained through REECO
totaled approximately $10,000. A local purchasing and contracting office was operated on a
part-time basis at 1734 South Main Street, Las Vegas, Nevada, where transactions totaling ap-
proximately $40,000 were conducted.

Religious Services. An Auxiliary Catholic Chaplain for Lake Mead Base and a Prot-
estant Chaplain assigned to Indian Springs Air Force Base were assisted by one enlisted man
on a part-time basis furnishing scheduled services at the Site. Personnel of the Jewish faith
were afforded government transportation to Las Vegas.

Personnel. DOD/AFSWP agencies provided military and civilian personnel to implement
their test objectives. The foregoing agencies were augmented for administrative and logistical
support by personnel assigned to Weapons Effects Tests Group, Field Command, AFSWP, plus
2 officers and 35 enlisted personnel procured on a temporary basis. Personnel comprised a
headquarters for the Test and Support Groups, Finance, Security, Supply, Motor Pool, Motor
Maintenance and a dispensary. See Figure 1.3 for graph of personnel strength.

Billeting. Housing of DOD/AFSWP sponsored agencies was administered by the Field
Command Support Group. Two dormitories and 52 house trailers were allocated by the AEC.
The peak period, 13 October 1958, reflected an overload of 50 percent when 256 personnel were
being billeted.

Motor Pool Operation. The DOD Motor Pool was activated 1 September 1958. Motor
vehicles and trailers comprised 187 units. Vehicles were dispatched on a daily basis, with the
exception of weekly dispatches, when justified. Seventy-one vehicles were on loan during the
Operation (63 to AEC and 8 to Indian Springs Air Force Base). Three rental sedans were ac-
guired from REECO for command administrative support. Twenty-four hour capability was
established when necessary and all commitments met.

Commercial Traffic Activity. Operations were routine with no appreciable in-
crease pertaining to the issue of travel requests, bills of lading, etc. ’

Vehicle and Generator Maintenance. Fourth-echelon maintenance plus machine
shop services were accomplished as capability permitted. Vehicles in long-term storage were
put into operational use by DOD maintenance personnel and restoraged by contractor personnel
at the termination of the Operation. Fifteen generators were used, and necessary maintenance
was performed by REECO. Warehouse issue, Las Vegas local Purchasing and Contracting
Office, and REECO served as parts agencies.

Fiscal. Authorizations totaling $400,000 were allotted by AFSWP for extra-military costs.
Expenditures consisted of six object classes as follows:

02  $71,000 07 $ 500
03 2,500 09 55,000, and

04 2,000 - 99 219,000
(AFSWC $49,000, OA NTS $55,000, and AEC $115,000).

1.16 SUPPORT PHOTOGRAPHY

The mission of Program ¢ was to provide documentary and technical photographic support
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to participating DOD agencies. The documentary support consisted of both still and motion-
picture coverage of project activities to depict the scope of the project’s effort, and to show
significant results of their effort, for historical and report purposes. = Still photography, in
support of projects for illustrating preliminary and final reports, was conducted by TU-7.1.1.
Motion-picture coverage to be used in the production of a Weapons Effects Film was provided
by JTF-7. Technical photography, such as high-speed, time-lapse, and function-of-time pho-
tography, was .urnished by TU-5 (EG&G).

During the planning phase of Operation Hardtack, it became evident that the needs of the
various projects for photographically-collected data would fall on the five military-effects
events: two high-altitude-rocket detonations, one high-altitude-balloon detonation, and two
underwater detonations. Because of the varied nature and location of the detonations, more
extensive and sophisticated camera installations were needed than on any prior operation. As
the test series proceeded, additional shots of military interest were added to further increase
the complexity and number of camera stations.

For the high-altitude-balloon detonation, RB-36’s were used with a back-up camera install-
ation mounted on the USS Boxer. For Shots Teak and Orange, the RB-36’s were used with
back-up s.rface and ground stations.

The photographic equipment used for all three high-altitude detonations consisted of streak,
high- and medium-speed motion picture, rapid-sequence still, and Zenith cameras, utilizing
both color and black-and-white film.

The photographic instrumentation for the two underwater shots was basically the same for
each shot. The stations common to both shots consisted of a camera station on Site Elmer;
camera stations on Site Glenn; an LCU camera station anchored in the lagoon; an RB-50 air-
craft directly over surface zero at 25,000 feet altitude; three C-54 aircraft orbiting at 20,000
feet range at altitudes of 1,500 feet, 9,000 feet, and 10,000 feet; and one RB-50 aircraft which
provided vertical aerial photographic coverage of the target array before and after each shot.

For Shot Wahoo, an additional camera station was installed in the hold of the EC-2 to record
effects of a deep-water detonation on the ships’ structure. ,

For “"»t Umbrella, in addition to the basic installations, a camera station was installed on
a barge 20,000 feet from surface zero, another camera station was installed on Site Henry to
photograph rocket firings, and a trimetrogon-camera array was installed on a2 H-19 helicopter
to photograph wave action at two surface instrument platforms.

In addition to the major portion of the photographic effort on the five military effects shots,
a somewhat smaller effort was expended on some of the AEC diagnostic shots. A camera sta-
tion was installed to record the effects of the thermal pulse on certain materials. Several
aerial photographic surveys of craters produced by land surface detonations were accomplished;
aerial surveys were made to locate strings of gages placed in the water prior to several shots;
and mosaics were flown on Johnston Island, and all the islands of both Bikini and Eniwetok Atolls,
for planning purposes.

Before the five original military-effects shots had all been detonated, two additional shots of
DOD interest were added to the program: two very-low-yield surface bursts on Site Yvonne at '
the Eniwetok Atoll. This necessitated the establishment of two camera stations to cover the
Yvonne events, and the addition of some still and motion picture documentary coverage of the
two events. In all, the documentary coverage consisted of about 66,000 feet of original 35-mm
Eastman color negative film from which a military-effects motion-picture film report will be
prepared after the operation.

For historical and report purposes, approximately 3,500 black and white still negatives were
exposed during the operation.
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1.17 REPORTS

For the Interim Test Report program of Operation Hardtack, the Reports Office was respon-
sible for (1) coordination of the preparation of technical reports in accordance with AFSWP re-
quirements; (2) administration of the review and approval process; (3) review of certain aspects
of the overall technical content; and (4) detailed editorial review of all reports for organization,
writing and printing style, and presentation of tables, illustrations, and equations.

The Reports Office also provided limited library service of published technical reports con-
cerned with military effects, and some drafting and illustrating service for project personnel
and others connected with the DOD test organizations.

Operation Hardtack produced the largest AFSWP report program of any nuclear test to date,
some 80 reports. A special system of publication was designed to cover those projects whose
shot participation was extended in time and geographical location. To expedite early distribution
of the first phase of such project’s activities, some ITR’s were published as basic reports with
later supplements, for example: ITR-1612-1, TTR-1612-2, etc. (The final reports of these
projects will be under one cover, numbered, for example, WT-1612.)

Each ITR draft was first reviewed by the appropriate Program Director, then by the Analysis

“Officer and by the Editor of the Reports Office, and lastly for final approval by the CTU-3 (for
EPG projects) or the Director, DOD Test Group (for NTS projects) and by the Technical Director,
DC/S WET, FC AFSWP. Final security classification of the approved manuscript was then de-
termined by the Classification Officer and an appropriate distribution selected by the Reports
Office, both based on joint AEC-DOD and AFSWP criteria.

. After completion of this test-site processing, the approved and classified manuscript was
transmitted to Reports Branch, FCWT, at Sandia Base, where the report was prepared for
printing (preparation of camera copy), a process that included additional drafting and illustra-
tions and complete type composition, proofreading, and makeup into pages. (No changes in
content were made after release of the report from the test site.) This camera copy was then
transmitted to the Technical Information Service Extension, US AEC, Oak Ridge, Tennessee,
for printing and distribution.
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Chapter 2
SHOT WAHOO

2.1 INTRODUCTION

Shot Wahoo was the underwater detonation of a 10-kt nuclear device in the ocean off the south-
western sector of Eniwetok Atoll. The device was detonated on 16 May 1958 at a depth of 500
feet over a sloping bottom, which had a depth of 3,000 feet at the shot location. A target array,
consisting principally of three destroyers and an EC-2 liberty ship, was moored in deep water
at varying ranges and orientations from surface zero. In addition, manned destroyers and two
manned and submerged submarines were operating near the test area.

2.1.1 Objectives. There was a distinct need in the Navy for information regarding effects of
nuclear explosions. In particular

to build ships and submarines to deliver these weapons, to know more about the radiological ef-
fects and damage that ships will receive from underwater nuclear explosions, and in order to
develop tactics for delivery of the new weapons, a great deal of information was needed. The
underwater tests during Operation Hardtack were designed to supply the needed information.

In order to achieve this general primary objective, the following specific objectives were-
established for the various participating projects: (1) measurement of the pressure-time his-
tories of the underwater shocks as a function of distance and depth in support of ship damage
studies and of the effects of refraction; (2) measurement of air blast and surface phenomena;
(3) determination of the hydrodynamic yield of the weapon through a study of the time of arrival
of the shock wave at intervals close to the weapon; (4) study of the vulnerability of ships to ra-
diation; (5) study of contamination ingress into ships; (6) determination of the characteristics of
the radiological environment; (7) determination of the hull loading and the response of surface
and subsurface ships resulting from the underwater shock waves; (8) determination of the ma-
chinery response and damage by nuclear shock-induced hull motions; and (8) demonstration of
a safe-delivery range for this specific burst depth.

The test objectives of the underwater program, in summary, were to document the basic
effects data with regard to initial and residual radiation, air overpressures, underwater shock
pressures, crater measurements, mechanics of base surge, and radiological contaminants and
to document the response of selected targets to underwater shock pressures. The purpose of
the objectives was to provide information that would permit determination of safe minimum
standoff distances for delivery of nuclear antisubmarine warfare weapons by existing vehicles
and improvement in predictions of the lethal range of nuclear antisubmarine warfare weapons
against submarine type and surface ship targets in shallow and in deep water.

2.1.2 Background. Prior to Operation Hardtack there had been only two underwater nuclear
bursts, Shot Baker (Operation Crossroads) and the Operation Wigwam detonation. Crossroads
Baker was a 23 =3 kt burst at a 90-foot depth in 180 feet of water. A major array, consisting
of battleships, carriers, cruisers, destroyers, submarines (both surface and submerged), and
merchant ships was subjected to the effects of this shot.

The scarcity of scientific data obtained, however, seriously restricted the applicability of
the observed damage to the general problem. This is particularly so, since the pressure pulse
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in the shallow water at Crossroads Baker was made complex by multiple reflection from the
bottom and surface, and was completely nonrepresentative of the deep-water cases. In addition,
the machinery of these ships was not operating, making extrapolation of damage to operating
ships highly uncertain. During Operation Wigwam, a 32+ 3 kt device was detonated at a depth
of 2,000 feet in approximately 16,000 feet of water. Here the emphasis was upon the determin-
ation of submarine lethality. Three model submarines (Squaws) having ‘diameters and scantlings
four-fifths the size of the SS-567 submarine, were employed. These models had only simulated
equipment. Damage to operating equipment was not considered. Surface ships in the Wigwam
array were limited to instrument barges, and the shock motions recorded on these barges can-
not be reliably interpreted in terms of damage to Navy ships.

Considered from the attitude of safe delivery, the two previous detonations yielded little
usable data. A major uncertainty existed in predicting the degree of response levels which
would cause damage to operating equipment. Other questions existed regarding the response
level generated by shdllow-angle-of-attack shock waves; on the transmission of the shock mo-
tions of the hull to the rest of the ship; and on other phenomena that had assumed new importance
in nuclear weapon effects, such as radiation, refraction, cavitation, and reflection influences.
Safe ranges established in operational doctrine prior to Shot Wahoo were afiected by these un-
certainties, as well as the uncertainties regarding radiation effects. Removal of the uncertain-
ties would result in establishing the minimum safe ranges that would permit the development of
the full delivery potential of ships and submarines.

Planning for the underwater shots of Operation Hardtack began shortly after the end of Op-
eration Wigwam. The Chief of Naval Operations appointed a group, (William J. Thaler, of the
Office of Naval Research, as chairman) to draw up plans for further underwater tests as a part
of Operation Hardtack. The title of the group was Special Weapons Effects Test Planning Group
(SWET) with representatives from Navy Bureaus, and the Chief of Naval Operations (CNO). Rep-
resentatatives of AFSWP and of various laboratories and other agencies were invited to partici-
pate and supply advice to the SWET Group. '

In order to make underwater weapon-effect predictions for surface ships and submarines
under general conditions, it was necessary to understand more about radiation effects, as well
as the entire range of transition from the production of free-field pressures in the water through
final hull and equipment damage to the ship.

This range of transition can be divided into the following phases: (1) generation of free-field
pressures; (2) relation between the free-field pressures and both the loading and initial response
of the hull (the interaction problem); (3) transmission of the hull motions to the remainder of the
ship (the shock pattern throughout the ship); (4) relation between the hull velocities and the type
and amount of damage produced in the ship’s hull (hull damage); (5) relation between the magni-
tude of shock level which is observed in the shock pattern throughout the ship and the resulting
equipment damage (shock damage).

In planning the underwater shots, it was considered desirable to have as ideal a shock wave
as possible for at least the first several ship locations in order to obtain the most optimum re-
lationships between the shock wave and ship response. Furthermore, the shot geometry should
be such that it would answer as many questions as feasible. The location of Shot Wahoo had to
meet these requirements and, in addition, had to present a feasible operational situation.

After consideration of many plans, it was decided that three destroyers and an EC-2 liberty
ship would comprise the array. The destroyers would be placed at locations where effects would
range from moderate-equipment damage to no damage. The EC-2 would be placed at a severe-
hull-damage range. The array would include barges, for mooring ships and for support of proj-
ect activities, and coracles, for data collection (Figure 2.1).

In early test planning, Shot Wahoo was called Little Wigwam. After many meetings of the
Special Effects Test Planning Group (SWET Group) and reports (SWET-1, 2, 3, 4, 5), the
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SWET-4 report was tentatively accepted by CNO in Decembper 1956, Compromises regarding
funds available, ships that could be used in the target array, and shot dates wer» made. and
SWET-5 was approved by CNO, the Joint Chiets of Staff. and the Secretary of Defense (Refar-
ence 1. The date for Shot Wahoo was established in Aprit 1857 as | June 1938,
Meanwhile. there wers2 international consideraticns, disarmament proposals. and
pility that nuciear tests would be stopped. These factors caused a decision to be made t¢c ady
the date of Shot Wahoo by two weeks. This was done despite the advice of ocearcgripners. der-
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Figure 2.1 Early planning array for Shot Wahoo.

ographers. and naval experts who predicted extreme difficulties due to weather, heavy seas, and
strong winds before 1 June. The directed date for Shot Wahoo was set at 15 May 1958.

In May 1957, the Assistant Secretary of Defense directed that a drastic reduction, from about
$28 million to $20 million, be made in the DOD research funds for Operation Hardtack. This,
in turn, meant a cutback in the underwater program.

The program as finally approved, shown in “Operation Hardtack Weapons Effects Program,”
(Reference Z), was published by Headquarters, AFSWP, in August 1957 and sent to_Field Com-
mand. AFSWP, for {inal planning and implementation. Shot Wahoo was to s1mulat
weapon detonated 500 feet below the surface, in water 3,000 feet deep.

Approved objectives, projects, project agencies and funding breakdown are shown in Tables
2.1, 2.2, and 2.3. No attempt has been made to separate the costs of the two underwater shots,
Wahoo and Umbrella: therefore, participation and funding for both are indicuted in the tables.

In June 1957, as a result of a meeting of certain Buships and AFSWP personnel and project

- officers at the Long Beach Naval Shipyard, the USS Fullam (DD-474), USS Howorth (DD-592)
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TABLE 2.1 PROJECTS AND AGENCIES PARTICIPATING IN SHOTS WAHOO AND UMBRELLA

Project Title Agency
1.1 Underwater Pressure Measurements Naval Ordnance Laboratory
1.2 Air Blast Measurements Naval Ordnance Laboratory
1.3 Surface Phenomena Measurements Naval Ordnance Laboratory
1.5 Free-Field Pressure Measurements Naval Electronics Laboratory d
1.6 Water-Wave Measurements Scripps Institute
1.11 Yield Measurement Armour Research Foundation
1.13 Hydrographic Survey Office of Naval Research
2.1 Shipboard Radiation on Vulnerability Naval Radiological Defense Laboratory
2.2 Shipboard Contamination Ingress Naval Radiological Defense Laboratory
2.3 Characteristics of the Radiological Naval Radiological Defense Laboratory
Environment
3.1 Special Charge Studies Underwater Explosives Research
Division
3.3 Shock Studies of Ships Machinery David Taylor Model Basin
and Equipment
3.4 Loading and Basic Target Response Underwater Explosives Research
(surface ships) Division
3.5 Hull Response (submarine) David Taylor Model Basin
3.8 Damage Assessment Bureau of Ships
6.7 Mine Clearance Studies Naval Ordnance Laboratory
6.8 Underwater Influence and Mine Mine Defense Laboratory
Reactions
TABLE 2.2 FUNDING FOR UNDERWATER-TEST PROJECTS
Project Title AFSWP Navy Total
1.1 Underwater Pressure Measurements 592,000 800,000 1,392,000
1.2 Air Blast Measurements 472,500 625,000 1,097,500
1.3 Surface Phenomena Measurements 30,000 136,000 166,000
1.5 Free-Field Pressure Measurements 400,000 —_ 400,000
1.6 Water-Wave Measurement 89,000 -— 89,000
1.11 Yield Measurement 150,000 —_ 150,000
1.13 Hydrographic Survey 60,000 _ 60,000
2.1 Shipboard Radiation Vulnerability 486,400 — 486,400
2.2 Shipboard Contamination Ingress 273,300 — 273,300
2.3 Characteristics of the Radiological 681,800 260,000 941,800
Environment
3.1 Special Charge Studies 89,000 211,000 300,000
3.3 Shock Studies of Ships Machinery 600,000 —_ 600,000
and Equipment
3.4 Loading and Basic Target Response 1,051,000 89,000 1,140,000
{surface ships)
3.5 Hull Response {submarine) 300,000 — 300,000
3.8 Damage Assessment 100,000 — 100,000
6.7 Mine Clearance Studies 100,000 L — 100,000
6.8 Underwater Influence and Mine 300,000 100,000 400,000
Reactions
Support 1,890,000 500,000 2,390,000
Grand Total 7,665,000 2,720,000 10,385,000
Ships and Facilities, Navy (Target preparation) 10,400,000

Task Group 7.3 services
Target Array

No dollar value
No dollar value
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(Figure 2.2), USS Killen (DD-593), and SS Michael Moran (EC-2) (Figure 2.3) were selected
from the reserve fleet as target ships. At this meeting of project officers, the shipyard was
given preliminary information on what would be required.

The Bureau of Ships was responsible for readying the ships, as such, activating the necessary
ships’ machinery, and preparing for mooring the array. - The individual projects were respon-
sible for their own planning, funding, instrument installation, and readiness. TG-7.3 was re-

TABLE 2.3 FUNDING FOR SUPPORT ITEMS OF UNDERWATER SHOTS

Items AFSWP Navy Total

Squaw rehabilitation 200,000 — 200,000
Mooring targets 540,000 500,000 1,040,000
Technical photography 450,000 — . 450,000
Weapon suspension and firing 300,000 —_ 300,000
Timing signals 400,000 — 400,000
1,890,000 500,000 2,390,000

sponsible for the operational problem of assembling the ships, barges, and equipment at the
EPG and getting the target array moored.

This division of responsibility required that close liaison and good working relationships be
established early. To fill this obligation, the Bureau of Ships and Field Command, AFSWP,
each sent resident representatives to the Long Beach Naval Shipyard as coordinators of the work.
This arrangement was most beneficial in working out the many problems associated with the work
being done. '

To assist the Commander, Field Command, AFSWP, in selecting proper target distances to
accomplish the objectives of the tests, a panel of experts was appointed with membership from
BuShips, ONR, and Headquarters, AFSWP, under a chairman from Field Command, AFSWP.
This gro*'~ had the title “Target Positioning Advisory Panel. ”

About 1 August, CNO designated the USS Bonita (SSK-3) (Figure 2.4) as the submarine target
for Shot Wahoo. The destroyers and the EC-2 were taken into the Long Beach Naval Shipyard
on 1 September 1957. The Bonita was taken to the San Franc1sco Naval Smpyard in November
1957.

For Shot Wahoo it was planned to use eight Navy YC barges as mooring platforms for the tar-
get ships and as floating instrument stations for various projects. The barges were procured by
the Bureau of Ships, towed to Hawaii, and modified as necessary in the Pearl Harbor Naval Ship-
yard.

2.1.3 Procedure. The Array. Shot Wahoo was fired against an array consisting of target
ships and barges. The latter served doubly as mooring points for the targets and as floating sta-
tions for various projects (Figure 2.5). Also included in the array were the coracles (Figure 2.6)
a new type of station evolved from the skiffs used during Operations Wigwam and Redwing. The
planned distances and orientations of the major targets are shown in Figure 2.1.

The Nuclear Device. The suspension and firing systems for the nuclear devices were
considerably simplified to reduce cost. Instead of the large barge used during Operation Wig-
wam, telephone buoys were to be used for suspension. The firing panels were to be mounted in
LCM hulls secured near the buoys. Firing signals were received by radio and transmitted for
the LCMs to the devices by instrument cables (Reference 2).

Fleet Support. In addition to the target ships, there were 23 other ships present in the
vicinity of Wahoo at shot time (Figure 2.7). Of these, the destroyers Mansfield, Benner, and
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Figure 2.2 DD-592 Ex-USS Howorth. Shown in the Wahoo array with washdown in operation
just prior to shot time. Surface zero was off the starboard beam of this ship.

Figure 2.3 EC-2 Ex-Michael Moran. Shown in the Wahoo array with washdown in operation.
Right center is the Number 2 barge with surface zero just off the right edge of the picture.
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Figure 2.4 USS Bonita (SSK-3) being placed in the Umbrella array.

be seen the YFNB-12 which acted as the instrument platform for the submerged Squaw and

In the background can

the USS Bolster, one of the work tugs of TG 7.3. The line of buoys to left of the YFNB

supported the instrument cable to the submerged Squaw.

and to provide project instrument platforms.
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Orleck and the submarine, Sterlet, participated in a training exercise during the shot. The
Bonita was not moored in the array, as had been intended, because of difficulties in mooring,
due to rough weather. The other ships present were part of TG-7.3 and included the command
ship, USS Boxer; the USS Monticello, used as a center of boat operations; the USS Renville,
which was equipped to function as the radiological safety center; and the tugs and salvage ships
used in mooring and which stood by for emergency target recovery, or salvage, if needed.

Air Support. Aircraft participated in the photographic missions necessary for technical

Figure 2.6 Coracle, moored around the shot area. These special
stations supported projects collecting radiation information.

photography. Other assistance provided by TG-7.3 and TG-7.4 included helicopters for radio-
logical surveys, recovery of data, transportation of samples and personnel; and aircraft for
cloud sampling and for air-sea rescue.

Preparation of Targets. The scientific objectives of the underwater shots imposed
several special requirements on the preparation of the target array. Some of these require-
ments were unique in the history of weapons testing.

One special requirement was for mooring the Shot Wahoo array in deep water. Small skiffs
had been moored during Operations Redwing and Wigwam, and large ships had been anchored
in very deep water. Shot Wahoo was different because it required the mooring of a large num-
ber of ships, barges, and buoys in 3,000 to 6,000 feet of water and, yet, with such precision
that some horizontal distances were specified to within 100 feet. The shot location selected was
in the lee of Eniwetok Atoll, and, though some shelter from rough seas was thus obtained, the
conditions were essentially representative of the open sea. The mooring operations were planned
and executed by TG-7.3 with the assistance of personnel from the Bureau of Ships (Reference 3).

Another requirement was for unattended operation of ships’ main and auxiliary machinery for
long periods. Target ships in previous tests had all been in a cold-iron condition. The YAG's
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used during Operation Castle were prepared for remote operation, but were not target ships and
had simpler machinery systems. Since the shock damage to a piece of machinery is presumed
to be more severe when the machinery is operating, and since personnel could not be kept aboard
in the lethal radiation fields expected, automatic controls had to be devised and installed. This
was accomplished on the three destroyer targets under instructions issued by BuShips and under
the supervision of Project 3.8.

A third requirement arose from the expected near-lethality of the shock the EC-2 would sus-
tain. Should the ship sink in 3,000 feet of water, the scientific data collected, including the evi-
dence presented by the damaged ship itself, and many tens of thousands of dollars\ of instrumen-
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Figure 2.7 Shot Wahoo: active ships around surface zero.

tation, would be lost. To prevent this, the ship was given enough reserve buoyancy to float with
the holds flooded. This was done by filling the holds with empty o0il drums and improving the
general watertightness of the ship. To provide stability and, at the same time, to simulate cargo,
the holds were ballasted with water, concrete, and gravel. In this ship no machinery was acti-
vated. '

Part of the preparation of the target array was to provide washdown systems on the ships and
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on the instrumented barges. This accomplished three objectives: (1) early boarding for recovery
of data, (2) reduction of the magnitude of the decontamination effort required, and (3) simulation
of the radiological condition aboard delivery destroyers, in a downwind location.

2.1.4 Preparatory Operations. Three operations of significance were conducted before the
operational phase began: (1) In November 1957 there was a trial of the barge mooring and of
the device placement system off Oahu, Hawaii, in a depth of water approaching that expected in
the EPG, 500 to 1,000 fathoms. These tests were successful and supported the feasibility of the
plans. (2) During October 1957, a bottom survey in the area of the Wahoo and Umbrella sites
was conducted, and other oceanographic data was obtained to assist in selecting the best positions
for surface zero. This survey was arranged through ONR and later became a part of Project 1.13.
(3) The high-explosive tapered-charge tests, Project 3.1, with the DD-592 as target, were con-
ducted off Santa Cruz Island, California, in January 1938.

These tests served to confirm the adequacy of planning before the targets were towed to the
EPG and, in the case of the DD-592, fulfilled the high-explosive part of the objective of Project
3.1 in comparing the shock motions produced by tapered-charge with those produced by nuclear
detonation. All these tests were conducted by units of TG-7.3 except the oceanographic survey,
which was done by ONR. The tapered-charge tests were under the technical direction of the
Project 3.1 officer and under the technical control of Field Command, AFSWP.

The tapered-charge tests were conducted from 17 to 25 January, and the DD-592 was returned
to Long Beach Naval Shipyard for final preparation, prior to being towed to Eniwetok.

Work on the USS Bonita (SSK-3) was completed in the San Francisco Naval Shipyard on 28
‘January. The Bonita was then sent to San Diego for final preparation at the Naval Repair Facil-
ity before departure for EPG.

Following the tapered-charge tests, a meeting of the Target Positioning Advisory Panel was

held in Washington. Distances to the target ships from Shot Wahoo surface zero were set as:
EC-2, 2,300 feet; DD-474 Gl {cet; DD-592 NN feet; and DD-593 N et (Figure 2.8).
In detailed planning of the mooring of the target ships by TG-7.3 and BuShips, it was determined
that Barge 3 was not needed. It was decided to merely omit this number, rather than confuse all
previous planning by renumbering the other barges. Barges then would be, from the atoll, Num-
bers 1, 2, 4, 5, 6, 7, 8, and 9.

2.1.5 Test Operations. The operational phase of Operation Hardtack began with the move-
ment of personnel and equipment from the United States to the EPG. Ships, barges, and equip-
ment were towed or transported from their respective shipyard or port.

Towing of the EC-2 began on 3 February and was completed at EPG on 1 March. Similarly,
towing of the DD-474, DD-592, and DD-593 began in early March. The Bonita proceeded on
her own power. All vessels arrived about 15 April.

The barges readied by the Pearl Harbor Naval Shipyard were towed as completed, with the
first tow beginning about 1 January. Heavy weather caused minor delays in the tow schedules.
In general, however, the schedules were adhered to. The after engine room of the DD-592 ’
flooded during tow, because of a corroded pipe plug, which was open to the sea. Heavy weather
prevented immediate corrective action, but the engine room was later pumped out. Little dam-
age to instrumentation was done, since only a few gages were installed there. The camera
mountings remained watertight. The zero buoy and the barge were scheduled to be moored
from 25 March 1958 to 1 May.

TG-7.3 began mooring barges in late March and continued this work until just a few days be-
fore the scheduled shot date, 15 May. Winds of 25 to 35 knots and seas 10 to 20 feet high were
most unfavorable. Extreme difficulty was encountered in accomplishing the mooring, and the
project work on various barges of the array. Since the barge decks had to be kept clear of
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equipment until after mooring, delays in installing and checking out equipment resulted. Trans-
fer of material to the barges was hazardous to personnel and equipment. Some supplies were
lost over the side, and some personnel fell in the water while being transferred from boats.

To assist in target preparations, TG-T7.3 had a repair ship, USS Hooper Island (AR 17),
moored near Site Elmer. The three destroyers and Bonita were nested alongside the Hooper
Island during the late field preparations. The EC-2 was moored close by.

The USS Monticello, (LSD-35), and the boats assigned from the TG-17.3 Boat Pool provided
transportation to the target array area and boat service between the barges and ships. Fre-

James

Figure 2.8 Wahoo target array at shot time, showing approximate water depths.

quent changes in schedules, due to bad weather, had to be made to adjust to unexpected situa-
tions; delays in getting on station were occasioned by the possibility of contamination from
other shots; failure to get information resulted from overloaded communications and conflicting
requirements. In the rush of last-minute preparations, two items assumed great importance:
(1) Shot Wahoo zero hour of 1100, 15 May, was established, -and (2) about a week before shot
date, it became apparent to operational personnel that, due to difficult weather, it would be
dangerous, if not impossible, to remotely submerge Bonita. Resurfacing would be hazardous,
possibly leading to loss of the ship. Accordingly, CTG-7.3 made CNO aware of this concern
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and advised CNO that it was planned to place Bonita to southeast of surface zero as a manned
station at a safe range. The CNO concurred. Since TG-7.3 had already moored Barge 9, and
Barge 8 was still to be moored, it was decided to simply tie Barge 8, which was completely in-
strumented, to Barge 9, allowing the wind and sea to stream Barge 8 to seaward. Thus, the
positions of Barges 8 and 9 were transposed.

Earlier it had been planned for the target ships to be moored in the array about four days be-
fore shot time, but due to bad weather, this was not possible. Full-power runs of machinery,
washdown systems, and timing signals were conducted in the lagoon. On 13 May, one critical
anchor leg of a barge failed, and it was necessary to move the shot date to 16 May to repair this
broken mooring.

On 14 May all target ships were towed to the vicinity of the shot area for further tests of ma-
chinery, washdown systems, and timing runs. They remained under tow overnight. The EC-2

TABLE 2.4 DISTANCES OF TARGET ARRAY UNITS FROM SURFACE
ZERQ, SHOT WAHOO

Shi Distance from Distance from True Headings
Hp Surface Zero Mean Centerline of Ships
ft ft

YC-1 142 8 —
EC-2 0 308° 30!
YC-2 24 S —_—
8SZ- 0 _
2 Barge 47 N _
YC-4 114 S —_
DD-474 149 N 249° 30!
YC-5 232 S —_—
DD-592 232 § 329° 00!
YC-6 95 S J—
YC-7 7N —
DD-393 320 N 242° 00!
YC-9 166 S —_—
YC-8 64 S .

was placed in her moor on 14 May. On 15 May the destroyers were placed in the array moor,
and the full-scale trial of the device placement was accomplished (Figure 2.10). The USS Grasp
remained over surface zero during the night.

During the late timing runs on 15 May, the lockout signal was, through error, not used, and
all Project 2.3 coracle stations were triggered. In order to save the experiment, Project 2.3
worked throughout the night, and a two-hour delay, until 1300, was called to give adequate time
to rearm. ’

Starting at 0900 on 16 May, the weapon was lowered into position, final evacuation of the tar-
get array was begun, and the USS Grasp left the zero-buoy area about 1100, while ships and
boats moved to pre-selected positions south of surface zero to await the detonation. Several
operational ships were deployed to the south of surface zero. Project personnel had permission
to place limited instrumentation in the USS Orleck, USS Benner, and USS Mansfield. The ap-
proximate locations of the target-array stations and the manned ships are shown in Figure 2.7,
Figure 2.8, Figure 2.9 and Table 2.4.

Between 1130 and 1145 the arming and firing party over surface zero asked for two 15-minute
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Figure 2.10 Placing the Wahoo device. The USS Grasp is moored stern to the zero

buoy in the process of transferring the device to the buoy. At the left can be seen -
the LCM platform which housed the firing racks and the small buoys supporting the

instrument cable to the device.
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delays to correct radio difficulties. Their difficulties corrected, the party was evacuated by an
aircraft rescue boat at 1230,

At 1330 on 16 May 1958 Shot Wahoo was detonated.

Early recovery of some data, particularly that of a radiological nature, was accomplished
before dark on 16 May.

On 17 May the target ships were hosed down, monitored, and data was recovered as safety
considerations permitted. When all projects were ready, the ships were taken from their moor-
ings and towed into an anchorage near Site Fred where decontamination was performed, using
teams from the USS Renville. This was accomplished in about 4 days.

2.2 WAHOO BLAST AND SHOCK

An accurate knowledge of free-field blast and shock phenomena from underwater detonations
is one of the basic ingredients needed for determining lethal and safe-delivery ranges and for
design of ship structures and machinery. Seven projects were involved in obtaining blast and
shock or supporting data on Shot Wahoo: underwater pressure-time histories for use by ship
damage projects; visible surface phenomena such as the spray dome, water column, base surge
and water waves; air overpressures versus time; yield determination; and area oceanography.
Data obtained was generally to be examined together with that of Operation Wigwam and of high-
explosive tests in order to provide an ability to predict shock phenomena for any underwater-
burst geometry.

2.2.1 Wahoo Oceanography. In order to allow intelligent planning of the target array, in-
cluding positioning of the device and anchoring of the target array, it was necessary to ascer-
tain the composition and characteristics of bottom sediments and the relief and slope of the
ocean bottom, well in advance of Shot Wahoo. This work was accomplished during September
and October 1957, by personnel from ONR, Columbia University Geophysical Field Station
(CUGFS), U.S. Naval Mine Defense Laboratory (USNMDL) and the U. S. Navy Hydrographic
Office (HyDro), with the U.S. Fish and Wildlife Service Motor Vessel, Hugh M. Smith. Some
of the 1957 work was reported in the ITR of Project 1.13 (Reference 4), ITR—1608, which en-
compassed additional oceanographic work in the Shot Wahoo surface-zero vicinity. The final
WT report by this project will cover the entire oceanographic picture.

Bottom Survey. Difficulties experienced during Operation Wigwam with a towed-target
array made an anchored array on Operation Hardtack desirable. Work accomplished with the
motor vessel Hugh M. Smith showed that the ocean floor was composed of fine-to-coarse coral
sand which would permit anchoring of the array. Additional samples were taken from the USS
Rehoboth during the operational phase of Operation Hardtack with Kullenberg and Phleger corers.
These samples again showed the bottom consisted of blocks of coral and calcareous algae near
the atoll shore, grading into a fine calcareous sand beyond the 600-fathom depth.

Ocean Depth. The bathymetric survey conducted by the Columbia University Field Sta-
tion showed the Shot Wahoo site bottom to be smooth, with a very steep slope. Depth of water
along the array is shown in Figure 2.8. Surface zero, as shown by this figure, was at a water
depth of about 3,200 feet. ‘

Sound Velocity. HyDro made preshot bathythermograph (BT) observations from barges
YC-4, YC-5, and YC-7 and obtained additional BT profiles from the DD-593 at minus 15, minus
5 and minus 1 minutes. Target ship locations are shown in Figure 2.8. Data, similar to that
from the DD-593, were lost for the DD-592 and DD-474 due to failure to receive timing signals.
Preshot data showed significant changes can occur within a short time interval. Figure 2.11
shows such changes between 1100 and 1200 hours on D— 6. Figure 2.12 presents the extrapolated
sound-velocity distribution along the array at shot time. At the DD-593, the cross section was
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based on the minus-1-minute BT trace. The remaining portions of the cross-section were ex-
trapolated, utilizing information on periodicity of temperature changes obtained from previous
observations.

2.2.2 Hydrodynamic Yield Determination. General experimental procedure for determining
hydrodynamic yield is described in Section 3.2.2. On Shot Wahoo, Armour Research Foundation
{ARF) failed to obtain necessary data on shock-arrival times close-in to the device. Three
weeks’ effort was lost in trying to place telemetering and other equipment in the buoy which was
to support the weapon. Normal transportation difficulties associated with large ship movements,

§-33 by »YRQC se2qaq gezaa
L] L4 k3 +

cHOC

S N B _———l s T ; Py By o
Rk R IPUR RS Rl A A, e S R S Ty B s
pe s e s ] e ot e - - | e emem e e o 2
: i oz =2 A A O oty syl
_________________ ——m— e ST ==————
o Sttt S S it S AP Db prieelads Saekee e _
Y S AN SR SU |____F___- __________ it S L=
PSR N S S U
: —= e 8
o s e - e - e - - - —
>
<
R al
ooes -3
j :
! a2
| r
3 @
| a
oess s
os8s
a
L1
[oAY:13 os
£ S ) (] 1 s 4 » e 2 A} L] e o

1993 %01 . spnoft

* Figure 2.12 Extrapolated sound velocity cross section along the array at Wahoo shot time.

frequent inability to work due to sea conditions, and necessary restrictions of work to daylight
hours, all combined to seriously limit work accomplished in the buoy. The project did succeed
in instrumenting another surface-zero platform, a barge section, starting on D— 11. However,
after the barge section was moved from dry land to the shot site early on D-- 1, reception was
questionable. Finally, the telemetering system was joined to the pressure-switch strings in
the hope that reception would improve, once a nearby tug, used for lowering the weapon, de-
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parted. During the attachment process, the delicate doppler cable was crimped between the
barge and tug, and rendered useless. It was still hoped that the pressure-switch system would
provide data, but reception remained inadequate through shot time, despite continued attempts
to improve the signals. No data were obtained.

2.2.3 Underwater Shock Pressures. Free-field underwater-pressure data were needed pri-
marily for sh’p-damage projects.- The source, intensity, and time history of all pressure pulses
near target vessels were desired, since this data forms the first step in the sequence of free-
field pressure to loading to response to damage. In addition, pressure-time (p-t) measurements
at various depths and ranges from the burst were desired in order that the effects of refraction,
reflection, and cavitation could be studied.

Background. Shot Wigwam was the only previous underwater nuclear shot in deep water.
Pressure-time histories, as measured during Operation Wigwam, were in good agreement with
theoretical predictions (Reference 5). It was considered, therefore, that satisfactory predictions
of the most important shock-wave parameters could be made for isovelocity water conditions.
Shot Wahoo data were desired, nevertheless, to check Shot Wigwam results. Approximate equa-
tions for isovelocity water obtained from Shot Wigwam data for the shock-wave parameters of
peak pressure and impulse were:

1.13 '
Pmax = 4.38 X 10° (%) psi (2.1)
/3 0.91
I = 1.176 x 10* w¥/3 (W—R-) psi-sec (2.2)

Where W is the yield expressed in kt and R is the slant range in feet (NavOrd 4500).

Op- tion Wigwam results broadly confirmed the shape and values of the peak-pressure field
predicted, considering refraction effects. However, predictions of a large pocket of pressures
well over 800 psi in the range between 12,000 and 17,000 feet were not confirmed as data was
not obtained in this region. Accordingly, full verification of the importance of refraction and of
the prediction methods of Brockhurst and others was not obtained. It was hoped that Shot Wahoo
would provide this verification. ‘

Pressure waves reflected from the air-water surface are negative, and reduce the pressure
behind them to a point where cavitation can take place. The region near the surface will, there-
fore, be momentarily filled with bubbles whose collapse may produce a pressure pulse as great
as the direct shock in areas close to the cavitation region. A number of TNT tests have shown
definite evidence of this pulse and a few measurements of cavitation collapse were obtained on
Operation Wigwam. Since the exact mechanism of collapse, and size of pulse duration and am-
plitude were not known, measurement and interpretation of the cavitation pulse were objectives
on Shot Wahoo.

During Operation Wigwam, the shock wave reflected from the bottom had a greater apparent
effect on ships at a 30,000-foot range than did the direct shock. While neither shock was dam-
aging at 30,000 feet, there appeared to be small regions of focusing at 15,000 feet and closer,
where the reflected wave could have been damaging. Shot Wahoo was expected to provide addi-
tional information about the importance of reflected waves. Also of interest was any screening
effect of the cavitation bubbles upon the bottom reflection.

Experimental Plan. Two projects, Navy Electronics Laboratory (NEL) and the Naval
Ordnance Laboratory (NOL), participated in measuring Wahoo underwater pressures at ten lo-
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cations. Four of the NEL stations were on barges (YC’s) at ranges

downwind and the fifth was on the DD-593 a jons were on the
YC-1, EC-2, DD-474, DD-592, and DD-728 at ranges
feet respectively.

NEL used the same equipment as on Operation Wigwam, except for new magnetic-tape re-
corders. Recording equipment was self contained in 7-by-T7-by-8-foot huts. After the barges
had been moored, the huts, along with booms, winches, and gage strings had to be placed aboard.
NOL instrumentation was also similar to that used on Wigwam; the circuitry and packaging of the
magnetic recording units had been improved, and electronic gages were somewhat modified.

The primary measuring instruments used by NOL were tourmaline-piezoelectric gages.
Twelve to fourteen gages were equally spaced, down to 2,000-foot depths. A few Wiancko
variable-reluctance gages were also used on the electronic-gage strings. NOL used ball-crusher
gages at depths of 50, 100, and 150 feet, and mechanical pressure-time gages down to depths of
140 feet to augment data in the near-surface regions. NEL, at its YC-4 station, used 16 piezo-
electric gages, spread at 50-foot intervals, down to 800 feet. Data from this station was telem-
etered, since there was a possibility the barge would not survive. At the other four NEL stations,
ten piezoelectric and variable-reluctance gages were alternated at 100-foot intervals down to
1,000 feet. Three ball-crusher gages were also attached at each electronic-gage position at
these four stations. .

Results. Both NEL and NOL experienced considerable loss of data. Failures in ships’
circuits between EG&G timing-signal stations and power supply caused loss of all electronic
data on the two close-in destroyers. One of two NOL recorders on the EC-2 failed to operate,
due to water leakage from the washdown. MPT data on DD-474 was lost on D— 1 when a tug
pre-initiated the gages during the process of repositioning the destroyer. NEL magnetic re-
corders failed to record properly on YC-5 and YC-6 for unknown reasons. On the YC-8, gen-
erators failed prior to shot time. Only oné string of NEL ball-crusher gages, DD-593, survived
the shot. This string was lost during recovery operations.

The variation with slant range of peak underwater overpressures obtained on Shot Wahoo are
shown in Figure 2.13. Peak pressures ranged from 45 to 1,840 psi. Ball-crusher peaks were
somewhat smaller than electronic data at comparable depths. The correlation of data from close-
in deep gages with the free-water curve (10 kt) confirms scaling Equation 2.1 for isovelocity
conditions developed from Wigwam data, since at deep levels and short ranges one would expect
little refraction or surface effects on peak pressures. Figure 2.14 shows a plot of the data and
predicted peak overpressure contours based on an average thermal structure for the Eniwetok
area. It remains to be seen whether a better fit will result when contours are computed, based
on the more realistic thermal structure shown in Figure 2.12. However, Wahoo data are too
scanty to make a good evaluation of current techniques for computing departures from isovelocity
values, due to refraction effects.

Pressure-time histories at several locations are shown in Figure 2.15. It is to be noted that
the wave form at the EC-2 is much as expected ideally, whereas those at the DD-593 show con-
siderable distortion due to the refraction influence. For the DD-593 records, the origin of the
time scale was taken as the arrival time of the main shock at the 100-foot depth.

EPT and MPT data obtained on Shot Wahoo are summarized in Table 2.5. Bottom reflections
had peaks around one seventh of the main pulse at the EC-2 range, but were about equal in
strength to the main pulse at the DD-593. However, surprisingly, no bottom reflection was
noted on the DD-593 records for depths less than 400 feet. Pulses due to cavitation collapse
were much weaker than reflected pulses at a range of 2,000 and 3,000 feet, and were not ob-
served at the range of the DD-593.

Table 2.6 compares measured durations from shock-wave arrival to cut-off against computed
isovelocity water values for selected EC-2 and DD-593 gages. Cut-off times were arbitrarily
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Figure 2.13 Underwater pressures versus range, Shot Wahoo.
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taken as the time the pressure returned to zero in cases where the arrival of the surface reflec-
tion was uncertain. Isovelocity values were obtained from graphically-computed differences in
path length of the direct and reflected waves assuming a constant wave velocity of 5,000 ft/sec
and ideal reflection. The agreement between the measured and computed durations was rather
good at the EC—2-foot range), but was poor at the DD-593 foot range} and increas-
ingly so, with depth. Inspection of Figure 2.12 indicates that many of the differences can be ex-

TABLE 2.6 DIRECT SHOCK WAVE DURATIONS, SHOT WAHOO

. Computed (msec Measured (msec)
el 200

ft
100 -—_ 2.2 —_— 1.1
300 25 6.8 22 3.6
500 — 13.2 — 5.2
800 —_ 19.8 -— 6.2
25 66 — 39 —
,000 73 22.0 71 7.6
1,523 109 — 102 —
1,825 125 —_ 120 —

plained by the velocity structure of the water. For example, the direct ray, in going to DD-593
gage points below a depth of 400 feet, apparently must travel through the strong velocity gradient
of the thermocline so that strong refraction may increase its trajectory length. On the other hand,
the reflected ray will travel at a higher velocity and with less refraction, since a great portlon of
its trajectory is in the 5,050 it/sec isovelocity region above the thermocline.

In order to provide a rough estimate of a bottom-reflection coefficient, calculations were made
of bottom-reflected pressures expected, based on Equation 2.1. The distance traveled by the
bottom-reflected wave was calculated by adding slant range to the hypothetical distance found by
multiplying the difference in arrival time of the main shock and reflected wave by an assumed
sound velocity of 5,000 ft/sec. Results shown in Table 2.7 indicate an average reflection co-
efficient of 0.30 for EC-2 gages and 0.48 for DD-593 gages. Since errors in the computed dis-
tance traveled by the bottom reflection are much more probable for the DD-593 gages, the value
of 0.30 for reflection coefficient is preferred. ‘

2.2.4 Visible Surface Phenomena. It would be desirable to be able to predict the size of the
spray dome, water column, plumes, base surge, and other visible-surface phenomena from a deep
water shot. The amount of water forced up is important because it has a definite bearing on the
water waves formed, which can cause damage to nearby land areas; and because it is the source
of the base surge, which flows out following water collapse. It is felt that base surge is pri-
marily responsible for deposits of contamination from an underwater explosion.

Visible-surface phenomena were recorded by timed technical photographs from four surface
stations and four aircraft flying around, or directly over the burst. Viewed from the air, the
first visible evidence of the Wahoo burst was an expanding disk on the water surface, consisting
of a white patch with a dark fringe, which indicated arrival of the shock wave. The dark fringe
was the direct shock-wave slick, whereas the white patch, which reached a maximum radius of
1,600 feet, was the spray dome thrown up by the direct shock wave. At about 0.58 second after
first appearance of visible surface effects (SZT), a jagged white ring appeared at a radius of
about 2,100 feet and grew rapidly inward to a 1,500-foot radius at 0.71 second, leaving a white
annulus around the spray dome. It is believed that this jagged white ring and ensuing annulus
were spray thrown up by the cavitation pulse; time of occurrence is in rough agreement with
cavitation-pulse time observed by underwater pressure gages at the EC-2.

At about one second after surface-zero time, additional dark slicks and white-spray patches,
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due to shock-wave reflections from the ocean bottom, 'appeared in the neighborhood of the EC-2.
These slicks expanded rapidly but unsymmetrically from their points of origin, leaving isolated
white patches of spray in the region between the burst and the reef. These scattered patches
are believed to have been points where the bottom-reflected shocks were focused by bottom ir-
regularities. )

From surface stations, first visible effect was the shock wave transmitted to the air above
the water-air interface. Immediately thereafter, a ball-shaped dome of spray was visible.
Figure 2.16 shows the development of the dome, which reached a maximum height of 940 feet at
about 7 ‘/3 seconds. First evidence of the formation of the primary plumes appeared at about 1
to 2 seconds after surface zero time in the midst of the spray dome at an altitude of 300 to 400

TABLE 2.7 BOTTOM REFLECTION COEFFICIENTS, SHOT WAHOO

Distance Calculated dMeasured
Gage Slant Traveled Bottom Bottom Pressure

Vessel Depth Range by Bottom Reflection Reflection Ratio

Reflection Pressure Pressure

ft o ft ft psi psi

EC-2 300 3,160 670 183 0.28
EC-2 825 4,630 740 226 0.31
ET-2 1,000 4,430 790 220 0.28
EC-2 1,875 - 3,560 1,000 337 0.34
DD-593 400 11,544 265 118 0.43
DD-593 500 11,305 266 140 0.53
DD-593 600 11,435 267 90 0.34
DD-593 700 11,372 269 105 0.39
DD-593 800 711,317 S271 170 0.63
DD-593 1,000 11,208 275 145 0.53

feet. Growth of the plumes is shown in Figure 2.16. The plumes reached a maximum heightA
of about 1,760 feet and diameter of about 3,400 feet at 15Y%, seconds. Plume collapse is shown
in Figu. = 2.17, with the bulk of the water falling back into the ocean. The portion remaining
air-borne, known as base surge, was clearly distinguishable 25 seconds after surface zero
time. It was roughly circular in shape. As the surge clouds progressed outward (Figure 2.17),
they thinned out considerably and became quite patchy. Patches of the surge cloud were still
visible at 12 minutes. ‘

With passage of the base surge, the well defined white-circular patch of Figure 2.17 was ob-
served around surface zero. This patch had a radius of about 3,800 feet at 3 minutes. A foam
ring was still barely visible at 17 minutes, with a radius of 4,300 feet. This residual ring was
believed to be due to a strong circulation caused by the gravity rise of the shot bubble. Water
spread out radially from surface zero, resulting in an accumulation of foam at the edge of the
patch as seen in Figure 2.17. It is reasonable to assume that the residual patch coincided with
the region of contaminated surface water.

2.2.5 Air Overpressures. The air-overpressure field developed by underwater detonations
is of particular interest for definition of ranges at which low-flying aircraft can safely direct
atomic attacks against submarines. The dnly available overpressure data for deep-water shots
had been from high explosive tests. During Shot Wahoo, NOL obtained air-overpressure data
by. employing two near-surface stations at the EC-2 and DD-474, and two balloons anchored on
the EC-2 and YC-1, with mechanical gages at 500- and 1,000-foot altitudes. Electronic gages
used were ultradyne type, diaphragm-inductanée gages. The mechanical-gage-pressure sys-
tem was the same as that used on rockets during Shot Umbrella and is described in Section 3.2.5.
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Figure 2.16 Growth of Shot Wahoo plume.
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Results. Air-blast data obtained on Shot Wahoo is summarized in Table 2.8. The two -
balloon-borne gages at the EC-2 were lost, because the balloon broke away prior to recovery.
The near surface, ultradyne gage at the DD-474 did not record, due to failure of power supply
to the central timing-signal center. Maximum pressure recorded was 0.21 psi, at 30-foot alti-
tude an-oot ground range. At least two peaks of approximate like values were observed.
The first pulse is thought to have been produced by the underwater-shock wave being transmitted
across the water-air interface. The second pulse is thought to have been produced by the ex-
plosion bubble, the air shock being created either by bubble movement of the water or venting of
hot gases from bubble to air, or both. The second peak on the mechanical-gage record at 30-
foot level at the EC-2 was obscured by many oscillations in the record. This was probably due
to the whipping of the boom on which the gage was mounted. The electronic-pressure-time rec-

TABLE 2.8 SUMMARY OF AIR BLAST DATA, SHOT WAHOO

First Second First Second
Gage Location Range  Altitude Shock Shock Shock Shock
Pressure Pressure Arrival Arrival
£t ft psi psi sec sec
Ultradyne EC-2 30 0.18 0.11 0.48 1.08
Mechanical EC-2 - 30 0.21 Obscured 0.52 Obscured
Mechanical YC-1 500 _ 0.12 0.17 1.10 1.58
Mechanical YC-1 1,000 0.08 0.14 ©1.40 1.92

ord at the same EC-2 station is shown in Figure 2.18, along with the {irst and second pulses from
the 500-foot balloon gage at the YC-1. These wave forms are similar to those produced by high-
explosive-underwater explosions. Shot Wahoo air-blast pressures of the first shock pulse are
compared with predictions based on high-explosive work in Table 2.8. These predictions were
made by cube-root scaling of extrapolated 32-pound TNT data. There is good agreement between

TABLE 2.9 COMPARISON OF PEAK AIR OVERPRESSURES
WITH PREDICTIONS ‘

Gage  Range  Mwimde DRSS e
ft ft psi v psi
Ultradyne 30 0.18 0.22
Mechanical 30 0.21 0.22
Mechanical 300 0.12 0.11

Mechanical 1,000 0.08 <0.01

measurements and predictions. However, no firm conclusions on scaling high explosives to nu-
clear data can be drawn because of the small amount of data available.

2.2.6 Deep-Water Waves. One of the deep-underwater-shot objectives was to document water
waves and inundation caused by the detonation. The data was desired to further understand gen-
erative processes, propagation characteristics, and inundation. Operation Wigwam, the only
previous nuclear deep-water test, yielded a limited amount of wave data.

Experimental Plan. Water-wave-measurement stations established by the Scripps In-
stitution of Oceanography (SIO) for Shot Wahoo are shown in Figure 2.19. The pressure-time
(p-t) station near the Site James shore line was simply a strain-gage pressure transducer con-
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nected by electric cable to a shore-based strip-chart recorder. The transducer was installed
in 52.7 feet of water and operated as a differential gage with reference to sea-level changes.
This unit, Mk VIII wave recorder, was identical to those used on Operations Castle and Red-
wing. Five other underwater p-t sensors (cofnpliant bladders) were attached to deep-sea moor-
ings at 100-to-150-foot depths. The bladders were connected by a pressure-transmitting hose
to a modified BRL self-recording gage. The BRL gage had an aneroid-type sensor which drove
a recording stylus over a battery-driven, chronometrically-governed, glass disk. The normal
speed of the disk was changed and the units were accessorized with a pressure-reserve tank,
solenoid-actuated air valves, suitable plumbing, battery-power supply and circuits for receiving

W

.10 sec

10 msec
First Pulse

. { 1 [
0.5 1.0 1.5 2.0 w—n——r”

3.0
O Time Ultradyne Gage Record - 20" Elevation
qmmge (EC-2)
ot Wahoo

1 P M

00 oo
pMTOIR

1.58 sec
IOmsec
Second Pulse )
MPT Gage Record from SOQ' Position on Balion
ange (YC-1)

Figure 2.18 Air overpressure records, Shot Wahoo.

timing signals. The entire recording package was installed in NRDL coracles (doughnut-shaped
floats, about 10 feet in diameter) and connected to the hose leading to the bladder below. Two
pitch-and-yaw systems were installed on destroyers; these were essentially a set of gyros which
fed information to a strip-chart recorder. The gyro systems were capable of measuring pitch
variations up to = 30 degrees and yaw to +60 degrees. Finally, several cameras were installed
on sites to photograph wave action on target ships or on wave poles installed on reefs. Figure
2.19 shows the camera station on Site James.

Results. The Mk VII record, Figure 2.20, shows the first water-wave disturbance ra-
diating from surface zero to be a trough about 0.6 foot in depth. None of the other subsurface
p-t units or gyro units provided any data, due primarily to timing-signal problems.- However,
photographs of ship motion confirm that the initial disturbance, as in Operation Wigwam, was
a trough; at the EC-2, it was six feet in depth and arrived at H + 24 seconds. Figure 2.20 also
shows that the third and fourth troughs were considerably deeper than the following crests. This
unbalance may have been caused by loss of water due to passage over the reef into the lagoon,
and/or a reflectance effect. “

As shown by Figure 2.20, the highest wave crest was about 10 feet, near the reef line. Pho-
tographs of wave poles in the same vicinity show maximum-wave heights had increased to 18
feet above tide stage over the reef. As a result, Site Irwin and the southeast part of Site James
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Figure 2.21 Inundation elevations for Site Irwin. Elevations are in feet above tide stage.
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received considerable inundation damage. Results of a postshot survey of Site Irwin are shown
in Figure 2.21. As can be seen from this figure, waves reaching Site Irwin approached approx-
imately along a line normal to the reef. Inundation effects decreased rapidly with increasing
angles away from the normal to the reef line, to the point where sites such as Glenn received

negligible flooding.

2.3 NUCLEAR RADIATION EFFECTS

2.3.1 General. Three projects of Program 2 were devoted to the documentation of nuclear-
radiation phenomenology from underwater detonations. Basically, it was the purpose of these
projects to document the gross gamma free-fields produced about the points of burst, to meas-
ure the consequent dose rates and dosages generated on destroyer-type-target ships, and to
evaluate the hazards generated by the ingress of the resultant contaminants into the interior of
these ships. ’

2.3.2 Objectives. The particular objectives of the nuclear-radiation projects were to: (1)
measure the complex gamma field at a number of positions within 10,000 yards of the under-
water detonations as a function of time, (2) collect samples of the air-borne debris produced,

(3) document the gamma-radiation fields aboard three moored destroyers exposed to the radio-
logical environment at locations of possible operational interest, (4) determine the shipboard
transit (remote source) and contaminated water gamma-radiation fields, (5) measure the gamma-
ionization decay of a fallout sample collected on a destroyer a few minutes after shot time, (6)
determine if an inhalation hazard existed within a destroyer-type ship due to ingress of contam-
inants via ventilation or combustion air systems, (7) estimate the external gamma-radiation dose
and dose rate due to ingress of contaminants, and (8) measure particle-size distribution of in-
gress contaminants in an attempt to correlate biological dosimetry and physical measurements.

2.3.3 Background. With the advent of nuclear weapons for antisubmarine warfare, it became
essential that the effects of underwater detonations of such weapons on surface-delivery craft
be experimentally determined. The definition of 2 safe standoff distance with respect both to
physical damage and nuclear radiation was of prime importance in the development of tactical
doctrine involving these weapons. To obtain sufficient data to permit an eventual operational
analysis to determine the safe radiological standoff distance for various tactical maneuvers,
measurements of both the gamma free field and resultant shipboard phenomena were required.

Prior to Operation Hardtack the only underwater nuclear detonations were Shot Baker of
Operation Crossroads and the one shot of Operation Wigwam. Neither of these two shots yielded
" measurements of gamma dose rate or gamma dose as a function of time and distance which were
sufficiently detailed to permit reliable prediction of these phenomena in other situations. Al-
though some gamma-field data was obtained during Operation Crossroads (References 6 and 7)
and Operation Wigwam (Reference 8), the available pre-Hardtack information was fragmentary
and insufficient for accomplishment of a satisfactory operational analysis. In general, early
time-based data was lacking, and too few data points were available for the construction of re-
liable gamma-dose contours. ‘

The available data in the area of shipboard radiation effects from underwater detonations was
also limited. For the purpose of an operational analysis, extensive and detailed information
was required on: (1) the various radiation sources generated by the underwater detonation, in-
cluding remote, enveloping or surrounding, and shipboard sources; (2) the attenuation afforded
by ships’ structures and machinery, and (3) the ingress of contamination into the ships’ interior
and resultant radiological hazards.

Although investigations of gamma-radiation sources outside the ship had been performed for
a fallout environment during Operation Castle (Reference 9) and Operation Redwing (Reference
10) and to a limited extent on the Wigwam underwater detonation (Reference 11), the informa-
tion obtained was neither sufficiently complete nor, in some cases, directly applicable to the
underwater weapon-delivery problem. :
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Ship radiation-shielding studies conducted prior to Operation Hardtack (Reference 10) indi-
cated that radiation attenuation was dependent on ship geometry, the changing geometry of the
several radiation sources with respect to the ship, and the gamma-energy spectra, which
changes with time and weapon. In order to extend the range of relationships between shipboard
situation and radiological environment to cover conditions directly applicable to the weapon de-
livery problem, it was necessary that typical delivery ships (destroyers) be instrumented and
exposed to the dynamic radiological phenomena resulting from the underwater detonations of
Operation Hardtack.

The contamination-ingress problem first became apparent after the Baker Shot of Operation
Crossroads. Eighteen months after this shot, studies of the after-engine-room ventilation sys-
tem of the USS Crittenden indicated that personnel in this compartment would have been exposed
to lethal quantities of radiation due to ingress of radioactive aerosol, had the ventilation system
been open or operating (Reference 12). As a result of this finding and those of other supporting
laboratory and theoretical studies, tests were conducted on the ventilation and boiler-air sys-
tems of ships (YAG 39 and 40) subjected to fallout from surface megaton detonations during
Operation Castle (Reference 9). It was learned that the average activity concentration in un-
protected ventilation cubicles was of the order of 0.02 percent of the average weatherside con-
centration and that it could be reduced substantially by use of paper filters or electrostatic
precipitation devices. These findings, however, pertained only to a fallout environment and
could not validly be applied to the underwater burst, where the nature of the contaminating aer-

~ 0sol would be different.

In general, some information existed prior to Operation Hardtack on almost all aspects of
free-field and shipboard radiation phenomena. This information, however, was extremely
limited and, in most cases, not directly applicable to the underwater burst situation. Thus,
there was an urgent need to document the radiological environment generated by underwater
detonations and to determine the radiological effects and consequent hazards produced by the
environment on delivery ships in the vicinity of the detonation. It is important to note that it
was not the purpose of the projects to perform an operational analysis of the weapon delivery
problem, but to gather sufficient experimental data to permit such an analysis to be performed.

2.3.4 Experimental Method. Documentation of Gross Gamma Fields. The pri-
mary documentation of the gamma fields generated by the underwater nuclear detonation was ac-
complished by means of a newly-developed Gamma-Intensity-Time Recorder (GITR). This
instrument was a portable, self-contained unit consisting of a radiation detector and amplifier
with time base, a recording system, a battery pack, and miscellaneous instrument control
switches and associated circuitry. The GITR is shown in Figure 2.22. For close-in regions
where very-high-dose rates were expected, a high-range, high-time resolution, gamma dose-
rate versus time detector-recorder instrument was used. The high-range instruments were
modifications of the Gustave I detectors developed by the Army Signal Engineering Laboratories
(ASEL) for use on Operation Plumbbob (Reference 13). The gamma-dose-rate-versus-time
instruments were mounted throughout the area of interest on coracle floating platforms as well
as on major target ships. The coracle-mounting platform is shown in Figure 2.23. Coracles
were developed as the result of experience gained with deep-moored skiff stations used in the w
fallout program of Operating Redwing.

The time-dependent measurements described above were supplemented with total-dose meas-
urements made with NBS film-pack dosimeters. The film packs were distributed throughout the
target array on coracles, as floating film packs (FFP), and at various positions aboard the '
three target destroyers and the EC-2. The floating film packs consisted of a film pack mounted
in a small styrofoam float, which was connected to a larger identifier float made of the same
material. For Shot Wahoo, a free-floating version of the FFP was used, while on Shot Umbrella
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most of the FFP’s were moored. Both versions of the FFP are shown in Figure 2.24.

Samples of radioactive debris deposited from the transit cloud were obtained through use of
incremental collectors located both at coracle and ship stations. The physicochemical informa-
tion obtained from the collected samples was intended primarily for use in obtaining corrections
for application to the GITR dose-rate records.

The Shot Wahoo instrument array, showing the coracle, ship, and floating-film-pack locations
is presented in Figure 2.25. This array included 21 deep-moored coracle stations, the three
destroyers and the EC-2, and approximately 70 FFP’s distributed through the array. It should
be noted that not all FFP’s are shown on Figure 2.25, since FFP’s not recovered are omitted.

The coracle stations were deep moored in advance of the detonation and activated by radio-
timing signals just prior to the event. For Shot Wahoo, the FFP’s were dropped from aircraft,
both prior to and after the event, in order to discriminate between the dose accrued during the
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Figure 2.24 Various types of-floating film packs.

dynamic portion of the burst sequence and that accrued from residual contamination.

Following the detonation, all instrumentation was recovered as early as radiological and op-
erational conditions permitted, and the data was read out and analyzed.

Documentation of Shipboard Radiation. The three target destroyers (DD) were
instrumented with GITR’s to obtain gamma-dose-rate histories and with NBS film packs for
total dose documentation. GITR’s with unshielded detectors and film packs were installed at
locations representing major battle stations. GITR instruments which had been fitted with di-
rectionally shielded detectors were installed on the fantail of each destroyer to record transit,
i.e., remote-source radiation. Special underwater GITR’s capable of automatic postshot sub-
mersion were also mounted on the fantails of the ships to obtain data on the dose rates which
existed in the water surrounding these ships. The location of the various GITR’s is shown in
Figure 2.26.

To provide early decay information, a fallout collector connected to a fully-shielded GITR
was employed. This installation was on the DD-592 only and its location is also shown in Figure
2.26.

The project instrumentation was installed on the destroyers prior to the event, and checkouts
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were performed through D— 1. The GITR’s were designed to be started by means of an H - 5-
second-timing signal from the ship timing-cohtrol center. During the period of instrument op-
eration, the ship’s washdown system was operating t6 simulate normal tactical conditions. The
GITR instruments had running times of 12 or 60 hours depending on type, and the GITR record
tapes and film badges were recovered as soon after these times as feasible.

Contamination Ingress Documentation. For purposes of evaluating the inhala-
tion and external gamma-radiation hazards due to ingress of contamination into the ship’s in-
terior, the USS Howorth (DD-592) was utilized. Three compartments, galley, after-engine
room, and after crew’s berthing, and their associated ventilation system, and the after fireroom,
in which a full power airflow was maintained through an unfired boiler, were used as test spaces.
Gamma-intensity recorders, incremental air samplers, total air samplers, surface (deposition)
samplers, and small animals (mice and guinea pigs) were placed in selected locations within
these compartments. The instrument locations are shown in Figure 2.27.

To simulate air-flow conditions typical of a ship under atomic-warfare conditions, 20 percent
of rated air flow was to have been maintained through the test ventilation systems, while the re-
mainder of the ship was closed. The 20 percent rated-flow condition provided a known situation
that represented a maximum air flow for a ship with blowers off. Full-power air flow was
maintained through an unfired boiler for the fireroom test.

To obtain data on weatherside phenomena, an air sampler and an animal station were installed
above the washdown on the top of a platform above the forward gun director.

Consistent with radiological safety, the collected samples and animals were recovered as
soon after the detonation as possible. Following recovery, the animals were sacrificed on a
predetermined schedule and tissue counts were made. Air and surface samples were also to
have been counted. Records from the GITR instruments were recovered upon expiration of
their running times.

2.3.5 Results and Discussion. The gross-gamma field documentation effort during Shot Wa-
hoo was adversely affected by an accidental transmission of a radio timing signal at 1600 hours
on D— 1. As a result of this transmission, the GITR’s and sampler instruments aboard the 21
coracles were activated and began to run down. Since this would have neutralized the gamma-
field documentation array, an emergency rearming effort was initiated with the objective of re-
arming as many of the critical coracles as possible in the time remaining before the shot. As
a result of this effort, 14 coracle stations were rearmed, and despite the increased probability
of instrument failure inherent in an emergency operation of this type, 9 of the 12 more critical
coracle stations showed a high percentage of proper instrument operation. -

Gamma Field Documentation. The gamma-versus-time traces obtained during Shot
Wahoo revealed that no gamma radiation was observed at the time of venting of the shot. This
finding is demonstrated in Figure 2.28, which shows a representative gamma-dose-rate record.
In the first 30 seconds after the shot, which could be defined as the period of initial radiation,
no gamma radiation was observed, even at stations as close as 3,900 feet to surface zero. It
was apparent that direct gamma radiation, either from the nuclear detonation or from shine di-
rectly from the resultant water column or plumes, was either extremely low or completely non-
existent. After about 30 seconds, a significant rise in gamma activity did occur at the close-in
stations. This was indicative of the arrival of the highly radioactive aerosol known as the base
surge. However, with its passage over downwind stations, the gamma activity did not show an
abrupt drop off but, instead, followed this initial dose-rate peak with a series of succeeding
peaks as shown in Figure 2.29. The resulting complex curve could be resolved into a series of
individual curves to show the passage of distinct dose-rate-activity peaks at downwind stations.
This resolution of the experimental curve is demonstrated in Figure 2.30. The activity con-
tinued for a period of about 10 minutes as the peaks passed. The complexity of gamma traces
was most apparent at downwind stations but was also evident to a lesser degree at crosswind
stations.

The complete reason for the complex traces is presently undetermined; however, it appears
to have been caused by a number of successive base surges inherent in the mechanism of the
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cloud formation after venting. This, in turn, could be further complicated by a reversal of the
upwind base surge through action of the existing surface winds and by breaking up of the original
coherent mass of radioactive aerosol through turbulence and variations in wind structure. These
perturbations of the initial base surge by wind effects allowed the downwind stations to monitor

11,000 T T T T T T T T T T T T

10,000

9,000

8,000

7,000

6,000 V

5,000

SR :

3,000

. = -
1 AL

I 1 L L L 1 1 1 1 i | 1
o ! 2 3 4 5 6 7 8 ] 10 " 12

Time, Minutes
Figure 2.28 Dose rate versus time for std-GITR. Coracle at DRR 7.2 (277 deg T,
6,920 feet) Tape 080. Cumulative dose from GITR trace: 1 min 0.55 r; 3 min 184 r;
5 min 356 r; 8 min 442 r; 12.5 min 470 r. Film pack dose: tripod 435 r, float 340 r,
Shot Wahoo. Warning: Increase values read from this gamma trace by 10 percent.

not only the original dov&nwind base surge, but also the complex surge structure incident to the

reversal of the upwind base surge.
For distances less than about 7,000 feet, the arrival of the gamma-activity peak indicated

that the radioactive material ‘moved outward from surface zero with a velocity of the order of
100 ft/sec. However, because of the complexity of the gamma traces, the mechanism of trans-
port of this material was not fully explained.
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For distances greater than about 7,000 feet, the comparison of arrival time with the known
distance from surface zero indicated that the surface winds were primarily responsible for the .
movement of radioactive debris. Therefore, winds-aloft data and hydrographic plotting do not
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Figure 2.29 Dose rate versus time for std-GITR. Coracle at DL 7.2 (231.5 deg T,
7,100 feet) Tape 94. Cumulative dose from GITR trace: 1 min 0.7 r; 3 min 164 r;

5 min 306 r; 8 min 444 r; 12.5 min 472 r. Film pack dose: tripod 390 r, float 390 r,
Shot Wahoo.

appear to be required for prediction of radiological fields resulting from this type of shot. >

At all points of observation, the free-field ganrma activity was essentially over about 15 min-
utes after zero time.

Total gamma-dose data from the floating film packs was roughly correlated to data from the
GITR’s; however, precise comparison was not possible because of the present lack of informa-
tion on the exact location of film packs during exposure. This data should become available
from analysis of the preshot and postshot photographs of the array.

A map of the Shot Wahoo array, showing the total dose received at various stations within one
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Figure 2.30 Dose rate versus time for std-GITR (lower graph). Coracle at D 8.0
(251 deg T, 7,580 feet) Tape 123. Cumulative dose from GITR trace: 1 min 0 r; 3 min

65.4 r; 5 min 235 r; 8 min 398 r; 12.5 min 468 r. Film pack dose: tripod 340 r, float O r,

Shot Wahoo. Warning: Increase values read from this gamma trace by 10 percent. The
upper graph of this figure shows the resolution (peeling) of the GITR trace into individual

peaks. Coracle at D 8.0 (251 deg T, 7,580 feet) Tape 123. All values should be increased

by 10 percent. The heavy black line represents sums of dose rates due to two or more
overlapping peaks, Shot Wahoo. :
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minute after detonation, is shown in Figure 2.31.
Incremental Sampling of Deposited Debris. Samples of deposited debris were

taken in an attempt to determine the activity contribution of contamination deposited on the cor-
acles and ship surfaces to the total gamma fields measured by the GITR’s. Since it was origin-
ally considered that the field from deposited contamination could represent a substantial fraction
of the total measured field, some method of separating the two components was considered essen-
tial. However, the amount of deposited radioactive material proved so slight as to be negligible,
and no correction was required. This is evidenced by the fact that GITR traces returned to back-
ground after final passage of the cloud. The radioactive debris collected by the incremental col-

g At

Surfoce Zero

] 1000 2000
UV S S U N———

Scolein Fee!

Figure 2.31 Map of Wahoo array showing doses received at coracle stations within
one minute after shot time.

lectors was, therefore, used to determine the debris-deposition rate and decay rate for the
various locations throughout the array. The deposition period was found to be usually short in
the upwind and crosswind positions, and the longest deposition duration was found to occur at
downwind stations, but even there, it did not exceed 10 minutes.

Shipboard Gamma Radiation Fields. Gamma traces recorded on the decks of the
ships revealed approximately the same data as recorded at nearby coracle stations. A signifi-
cant rise in weather-deck gamma activity did not occur until about 30 seconds to one minute
after zero time, again indicating the arrival of the highly radioactive base surge. The complex-
ity of downwind traces, as recorded by the coracle stations monitoring air-borne debris, was
again evident in the traces of weather-deck gamma activity. A typical upwind trace is shown in
Figure 2.32, and a typical downwind trace is shown in Figure 2.33.
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The shipboard washdown systems were operating throughout the time of passage of the air-
borne debris.

The influence of the superstructure on external radiation fields is shown by inspection of Fig-
ure 2.34. As can be seen, the total dose measured by the film packs varies directly with the
solid angle of radioactive cloud subtended at the film pack position. There appears to be a char-
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Figure 2.34 Plots of film-pack doses and estimated solid angle of radioactive
cloud subtended at film packs at various locations on main decks of DD-474,
DD-592, DD-593, Shot Wahoo.

acteristic curve shape for the three ships, regardless of their attitude or distance from surface
zero. )

In order to appreciate the intensity of the dose rate, it should be noted that the average total
accumulated gamma dose on the weather-deck of a ship located 9,000 feet from surface zero
reached 300 r in less than 12 minutes as demonstrated in Figure 2.35. Since the deposit radia-
tion sources contributed a negligible amount to this total accumulated dose, it is safe to assume
that transit doses present the only significant danger from gamma radiation on the deck of a s}up
when the washdown system is operating.

Below decks, the gamma radiation was attenuated to varying degrees, depending on the spe-
cific location. The best protection was afforded at locations below the water line. Table 2.10
shows that the total dose on the bridge complex was about two-thirds the main deck dose, while
the total dose in the portion of the aft engine room below the waterline was about one-tenth the
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main deck dose. It can be noted from the doses presented for the DD-474 and DD-592 that any
location on or above the main deck for a ship located within a mile downwind of surface zero
would subject an individual to an accumulated gamma dose of more than 400 r. Since it has
been previously shown that essentially all of the 24-hour dose was sustained in a time period of
less than 20 minutes after shot, it can be assumed that the indicated doses were primarily ac-
crued during this interval. A complete listing of the ratios of gamma dose in various compart-
ments to the dose on the main deck is shown in Table 2.11.

Shipboard Transit and Contaminated Water Radiation Fields. Bycom-
paring Figures 2.35 and 2.36, it is seen that transit radiation is the only significant source of
radiation at shipboard positions. The total gamma dose, including transit sources and deposit
sources, is hardly distinguishable from the total gamma dose due to transit sources alone. It
could be surmised that the washdown systems were extremely effective in reducing the gamma
dose due to deposit sources to a negligible value and that, as a result, only transit dose was
recorded at washed stations. However, film-pack dose data from stations above the washdown
area show approximately the same results as those stations in the washdown area, thereby in-
dicating that even at the unwashed locations, a high percentage of the total dose was due to remote-
source radiation. Also, it is seen from Figure 2.35 that practically all the total accumulated dose
was received within 14 minutes after zero time on a ship located 8,900 feet downwind from surface
zero and that contribution by deposited contamination after this time was essentially negligible.

Because of the failure of timing signals, no data concerning contaminated water radiation fields
was obtained on this shot.

Shipboard Fallout Gamma Decay. An attempt was made to record the gamma-
ionization decay of a shipboard-collected fallout sample; however, no data was obtained because
of the general shipboard timing signal failure, which resuited in the specially-shielded decay
GITR not being activated.

Inhalation Hazards Due to Ingress of Contaminants. The results of doses
received by animals on DD-592 show that acute internal doses received during the first 50 hours
after shot, as a consequence of exposure at unprotected weatherside locations, were 168 rads
{1 rad = unit of absorbed dose of 100 ergs/gm) for mice and 336 rads for guinea pigs. This ship
was loc  d iy downwind from surface zero.

The highest 0-to-50-hour internal dose received in an interior compartment was 47 rads. This
dose was sustained by guinea pigs in the galley. All other animals except the guinea pigs in the
crew’s quarters sustained internal doses between 1.3 and 15 rads during the first seven days after
the shot. The guinea pigs in the crew’s quarters sustained about 0.5 rad during the same period.

Although the ventilation system was to have been operated at 20 percent of rated air flow, the
ship-power failure which occurred during Shot Wahoo resulted in the shutdown of all blowers.

The exposures noted above were, therefore, sustained under unknown air-flow conditions. In-
duced air flow was probably quite high at the time of passage of the rapidly-moving base surge,
but with the blowers not operating, there would have been little subsequent air flow to scavenge
the compartments. These conditions may have contributed to the rather high internal doses
found during Shot Wahoo.

External Gamma Radiation Due to Ingress of Contaminants. Within test
compartments, no dose rate data were obtained on the external gamma activity due to ingress of
contaminants for this shot, because of the failure,of ship’s power to receive the timing signals
which were to have activated the GITR instruments. Although compartment surface samplers
were recovered as soon as the radiological situation permitted, their activity at time of recovery
was too low to count because of high local background. Therefore, only radiological survey data
were obtained within the compartments on Shot Wahoo.

Particle Size Distribution of Contaminants. Since the total and incremental
air samplers depended upon timing signals for activation, again, because of power failure, no

air samples were collected. 84
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2.3.6 Conclusions. It was evident from the data obtained during Shot Wahoo that the primary
source of radiation from a deep underwater burst of this type and depth was a transit source, the
radiation from the base surge as it passed a particular location. This was not an immediate ef-
fect, but was dependent on the distance of the point of observation from surface zero. The base
surge had a velocity of approximately 100 ft/sec to about 7,000 feet from surface zero. At more
distant stations, the time of arrival appeared to be dependent on the direction and velocity of
surface winds.

Free-field gamma activity virtually ceased at all locations by H + 15 minutes, thereby per-
mitting normal operations\as soon as the base surge had passed. During this initial period,
doses in excess of 100 r were expected at locations less than three miles downwind from sur-
face zero, while doses in excess of 400 r were expected at downwind locations of less than one
mile. Inorder to receive no more than 25 r total dose, the standoff distance should have been
on the order of four miles, while the safest approach direction would naturally have been from
upwind of surface zero.

Aboard ships, the free-field gamma activity was modified by the superstructure. Even on
weather decks, some degree of protection was afforded by the superstructure during passage of
the base surge. Better protection was naturally afforded at interior locations, with dose re- :
- duction factors up to five or six in locations above the waterline and reduction factors between
9 and 30 in locations below the waterline.

Internal radiation doses of animals for the first 50 hours after shot ranged from 336 rads,
received by guinea pigs exposed on the unprotected director platform, to 0.5 rad received by the
guinea pigs in the crew’s compartment. The highest 0-to-50-hour dose sustained in an interior
compartment was the 47-rad dose received by guinea pigs exposed in the galley. These doses
were received for an open-air system without fans operating, although the fireroom maintained
a full combustion power air flow. It is to be noted that animals at all stations except the crew’s
compartment received doses in excess of 0.9 rad during the first seven days following exposure.
By comparison of the external doses produced on the ship by the transit cloud with the internal
doses sustained, it is evident that the primary consideration in the weapon delivery situation is
reduction of the external dose received during the first several minutes. If this reduction is ac-
complished by distance, the ingress of contaminants should become completely insignificant. If,
on the other hand, dose reduction is accomplished by additional ship shielding and the ship op-
erates at a distance comparable to that at which the DD-592 was exposed, the ingress of contam-
inants may require some consideration.

2.4 SHIP RESPONSE AND DAMAGE STUDIES

2.4.1 Introduction. With the incorporation into the fleet of nuclear antisubmarine weapons
deliverable by surface ships and submarines, it was necessary that a re-evaluation of the ship
response and damage predictability for underwater nuclear explosions be made. It was found
that the means were insufficient to give the needed answers to questions regarding a safe range
for such delivery of underwater nuclear weapons by surface ships and submarines.

In developing atomic age tactical-delivery doctrine, it was necessary to answer the question
of what is the safe standoff distance for a destroyer, for instance, delivering an atomic depth
bomb. It is important to note at the outset that there was no single answer to this question, be-
cause a large number of variables were involved, each of which could have a pronounced effect
on the answer. These principal variables were the yield of weapon, depth of burst, depth of
water, reflection characteristics of sea bottom, abrupt temperature gradients with depth of the
water which produce refraction of the shock waves, the structural type of the ship, the draft of
ship, the type of machinery installed, and the orientation of the ship with respect to the under-
water detonation.
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To properly represent the effects of these parameters on the safe-standoff-delivery range, it
was necessary that a family of curves be prepared for each general type of ship. Likewise, other
various degrees of damage, i.e., light, moderate, and severe, would require appropriate addi-
tions to the above family of curves. Although abbreviated, approximate or gross curves of the
above type had been prepared prior to Operation Hardtack. The meager data upon which they
were based, however, did not satisfactorily answer the questions posed. In brief, safe ranges
estimated prior to the Hardtack shots, of necessity, contained sizable safety allowances because
of the lack of data. The limited data available came from two previous full-scale nuclear under-
water tests, some model and theoretical work, and prior conventional high-explosive-underwater
tests. ’

The two previous full-scale nuclear underwater tests, Operation Crossroads Baker and Opera-
tion Wigwam, had given indicative, but not definitive, answers. The geometry is discussed in
Section 2.1.

To supplement the meager full- scale data from those two shots, theoretical and model-ship
studies were: £gi ucted and previous underwater conventional high-explosive test data were re-
examinegd ‘the Fesults of these studies, as well as the high-explosive test data, predictions
farious ship types to the pressure field generated by an underwater nuclear
eloped. These predictions, however, included many generalizations which,
Hd»,fj(':ast considerable doubt upon the results. Thus, a full-scale check was needed.

Also, it was clear that damage to shipboard operating equipment required a test of operating
vessels; because previous tests had included only ships’ machinery and equipment in a non-
operating, or cold-iron condition, the shock response of which could be considerably different
‘under operational conditions. In addition, the final step of correlating response to damage re-
quired considerable amounts of test data to permit adequate statistical correlation. This infor-
mation in turn would be useful in the shock-hardening design of future ships, including future ship
machinery. To help satisfy this requirement for a large amount of test data within economical
limits, the tapered-charge technique had been conceived. This technique proposed the use of rel-
atively inexpensive high-explosive detonations of a type which would simulate the early phases of
a nuclear generated shock wave against full-scale ships. However, this proposed technique also
required a full-scale underwater nuclear test for confirmation.

The need was therefore established for a full-scale underwater nuclear test, in relatively deep
water, exposing target ships with ships’ machinery and equipment in operation. The deep under-
water event, Shot Wahoo configuration, was thus selected. The ship target array chosen for Shot
Wahoo consisted of three destroyers (DD-474, DD-592 and DD-593), a merchant ship (EC-2 type),

and a submarine (SSK-3).
' Because of the previously listed number of contributing variables which had to be considered
in the nuclear depth bomb safe-delivery-range problem, it was essential to document the response
of each vessel as completely as feasible. The target ships, therefore, were relatively highly in-
strumented to document the loading and response of the hull structure and ships’ machinery. This
would permit subsequent correlation with the underwater free-field phenomena measurements, and
with the ship hull and machinery damage recorded. Thus, from the expected full-scale under-
water nuclear test results, together with related ship model and tapered charge work, it was
believed that safe delivery ranges for other yields and burst geometries could also be developed.

The Program 3 effort on Shot Wahoo consisted of four general categories: (1) pre-Wahoo,
preliminary Hardtack tests of tapered-charge technique; (2) hull response and damage studies
of surface ships; (3) hull response studies of submarines; and (4) shipboard machinery and equip-
ment shock damage studies. Each of these categories is successively described in Sections
2.4.2 through 2.4.5.
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2.4.2 Preliminary Hardtack Tests of Tapered-Charge Technique. Prior to Operation Hard-
tack, a series of explosion tests employing high explosive tapered charges against one of the
Hardtack target ships, the destroyer DD-592, was conducted in January 1958 off Santa Cruz
Island, California. One of the primary purposes was to provide a full-scale test on the tapered-
charge technique of simulating an underwater nuclear detonation, which could subsequently be
checked by Shot Wahoo.

Objectives. All the objectives of the Hardtack Project 3.1 tests were closely related to
the subsequent tests of effects of underwater nuclear bursts on ships, which were conducted
later in the summer of 1958 at the EPG during Operation Hardtack. Thus, the main objectives
of the tapered-charge tests were: (1) to provide a pretest experimental check on the target dam-
age predictions for Shot Wahoo, in order that optimum placement of the ship targets could be
achieved for the later Hardtack effort; (2) to calibrate instrumentation on the target ships and
check out the adequacy of the recording-equipment installations and shock mountings which were
designed by the participating agencies for the later Hardtack effort; and (3) to develop and check
the high explosive tapered-charge technique as a method of simulating and determining the ef-
fects of underwater nuclear detonations on ships.

Background. Considerable interest had been generated in the proposed high explosive
tapered-charge technique, because, if successful, it would enable the Navy to obtain much effects
data on ships without recourse to future full-scale nuclear testing. The tapered-charge tech-
nique was thus conceived as a long-range method of determining shock effects of underwater
atomic detonations on ships; more specifically, to provide an economical method of obtaining
large quantities of data which could be the basis for a statistical study of shock response versus
damage.

The technique utilizes specially formed (i. e., tapered) high explosive charges to simulate a
reproduction of shock-wave forms of underwater nuclear detonations against ships. An example
of the initial shock wave from such a tapered high explosive charge, which simulates the initial
shock wave from a nuclear detonation, as compared to the same yield of conventional high ex-
plosive charge, is shown in Figure 2.37. Limitations of the technique are that the later under- .
water shock loading phases, such as the bottom reflections, surface cavitation reloadings, and
bubble pulses, are not as egually well represented as the direct shock wave. However, even
the representation of these later shock-loading phases can afford a qualitative insight into the
physical processes involved. In any event, it was hoped the technique could become a valuable
tool to supplement full-scale tests. ‘

The degree of validity and/or the limitations of the tapered-charge technique, as tested by
preliminary Hardtack Project 3.1, were not expected to be available for comparative analysis
until after the subsequent full-scale underwater Shot Wahoo results.

Procedure. Pressure measurements taken during Operation Wigwam showed that the
underwater shock wave resulting from an atomic explosion is equal to that obtained from a TNT
charge weight, equal to two thirds of the rated yield of the nuclear device. Since the expected
yield of Wahoo was 10 kt, these test-tapered charges were designed to simulate the underwater
shock wave of a charge of 6.7 kt of TNT. For these tests, a series of four large, tapered
charges weighing from 1,400 to 4,400 pounds were to be used to simulate underwater nuclear
attack against the DD-592. The test charges were to be detonated to produce successively in-
creasing shock severity, starting with a mild attack corresponding to a peak underwater shock
velocity on the target of 2.5 ft/sec. The DD-592 was one of three destroyers to be used subse-
quently as target ships at the EPG during Shots Wahoo and Umbrella. All instrumentation aboard
the DD-592 was operative and calibrated for the tapered-charge tests. ' .

Utilizing such instrumentation, the following Hardtack projects actually participated on the
Project 3.1 test series:

UERD Project 3.1, tapered charge studies.
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DTMB Project 3.3, shock studies on shipboard machinery and equipment.

UERD Project 3.4, hull loading and response of surface ships.

BUSHIPS Project 3.8, ship damage assessment.

NOL Project 1.1, underwater free-field pressure measurements. .

Figure 2.38 indicates the test site orientation, including the DD-592 anchored off Santa Cruz
Island in approximately 260 feet of water, and the high explosive tapered charge suspended from
pontoon floats. The distances from the charge to broadside of the DD-592 were to vary from ap-
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Figure 2.37 Comparison of shock waves of tapered charge and conventional

charge of identical weight at the same distance. Charge weight 1,420 pounds

HBX-1, distance 315 feet.
proximately 500 to 250 feet. Figure 2.39 shows the tapered charge rigging plan. Figure 2.40
is a photograph of a tapered charge before lowering into the water for the second test. Figure
2.41 is a photograph taken during the second test. o

Results. These tapered-charge tests were actually carried to the threshold of shock dam-
age to shipboard machinery and equipment. The tests were stopped after detonation of the third
charge to avoid the probability of serious damage to the DD-592, prior to the full-scale nuclear
test at EPG. Apparent significant shear yielding of the support bolts for the main propulsion
turbines, failure of which would have dropped the turbine into the bilge and seriously jeopardized
the later full-scale nuclear effort, was the principal damage item concerned. The peak ship-
bottom velocities on the target resulting from each of the three tapered charges tested were 2.3,
3.5, and 5.2 ft/sec, respectively.

Table 2.12 shows an interesting comparison between the early target response at the tapered-
charge test and full-scale nuclear data estimated from Shot Wahoo. The fair agreement of the
peak ship-bottom velocities measured with the predicted values should be noted. The predic-
tions were based on small-scale model tests and extrapolation to full scale was somewhat diffi-
cult. The confirmation of these values afforded by the tapered-charge tests gave increased
confidence in the velocity predictions for Shot Wahoo. Also, the tests permitted an indication
that the safe region of a destroyer from an atomic depth charge is defined by a peak velocity of
approximately 6 to 8 ft/sec. Based on the increased confidence derived from these tapered-
charge tests, it is significant that the Wahoo array range distances for the two close-in de-
stroyers originally planned for gJJReet anc.eet were subsequently revised tofffjjjRfeet
and.feet from surface zero, respectively. '

Conclusions. The conclusions of this test series on which the various participating proj-
ects appeared to agree were: (1) the attempt to simulate pressure histories of the direct shock
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waves of underwater atomic detonations by means of tapered charges was successful; (2) during
the first two tapered-charge tests the bottom-reflected wave caused a stronger response of the
target than the direct shock wave; (3) at the third test the bottom-reflected wave was consider-
ably attenuated by the surface cavitation; (4) the target bottom velocity measured at the three
tapered-charge tests was approximately twice the surface particle velocity resulting from the
shock wave reflection; (5) the body velocity of the target was slightly less than the surface par-

Figure 2.40 Armed tapered charge I before lowering for second test.

ticle velocity; (6) in general, the instrumentation installed to measure ship response for the later
Hardtack tests performed satisfactorily; (7) the automatic equipment for unmanned operation of
the propulsion plant of the DD-592 satisfactorily withstood the shock severities of the Project 3.1
test series; (8) improvement in the design of ship equipment by proper consideration of mass dis-
tribution and shock mounting would increase the capability of ships to withstand shock; (9) a de-
cision as to whether the tapered-charge tests conducted simulated the target response to an
atomic underwater explosion satisfactorily would have to await the results and evaluation of

Shot Wahoo, and would be included in the final WT report; and (10) any future high-explosive
tapered-charge tests for the purpose of simulating nuclear attack against the DD-592 or a sim-
ilar target should provide for inputs well into the severe damaging range.

2.4.3 Hull Response and Damage Studies on Surface Ships. Objectives. The objectives
of these studies on Shot Wahoo were to: (1) determine from the hull deflection standpoint, the
safe-delivery range for surface-ship delivery of an underwater nuclear weapon in deep water;
(2) determine from the hull deflection standpoint, the lethal range for merchant ships attacked
by an underwater nuclear weapon in deep water; (3) obtain basic information on hull response as
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related to free-field pressures and loading measurements in deep water, to provide check points
for model experiments and high-explosive shaped-charge tests.

Background. Inorder to make underwater nuclear-weapon-effects predictions for sur-
face ships under general conditions, it is necessary to understand the entire range of transition
from the production of free-field pressures in the water, to the final hull and equipment damage
within the ship. This range can be broken into the following phases: (1) the generation of free-

TABLE 2.12 COMPARISON OF EARLY TARGET RESPONSE AT TAPERED CHARGE TEST WITH ATOMIC EXPLOSION DATA

Slant Standoff of 6.7 kt

TNT for Best Match of Peak Bottom Velocity * Bodily Velocity 7
Test Tapered Charge Shock Estimated for Measured at Ta- Estimated for Measured at Ta-
Number Wave (attack angle 135 deg) Atomic Explosiont pered Charge Test Atomic Explosion§ pered Charge Test
ft ft/sec ft/sec ft/sec ft/sec
1 22,800 2.5 2.3 1.0 0.7
2 16,150 3.5 3.4 14 1.2
3 10,260 5.6 5.2 2.4 2.3

* Peak bottom velocity in this instance is defined as the highest velocity of the ship’s bottom resulting from the direct shock wave
impact. -

T Bodily velocity in this instance is defined as the highest velocity averaged over the transverse section of target at test frame.

§ Peak bottom velocity, estimated - is based on UERD ship model tests.

§ Bodily velocity, estimated - is assumed to be equal to the water surface particle velocity.

field pressures, (2) the relation between the free-field pressures and both the loading at the hull
and the initial hull response (the interaction problem), (3) the transmission of the initial hull mo-
tions to the remainder of the ship (the shock pattern throughout the ship), (4) the relation be-
tween the initial hull velocities (hull response) and type and amount of damage produced in the
ship’s hull (hull damage), and (5) the relation between the magnitude of shock level, which is ob-
served in the shock pattern throughout the ship, and the resulting equipment damage (shock dam-
age).

Items 1, 2, and 3 were basic investigations relating the ship response to the loading and free-
field pressures, while Items 4 and 5 concerned the structural and mechanical damage to the ship
and equipment. The latter phases were also aimed at establishing scales, or rules, relating the
initial hull response to degrees of damage to the ship and equipment aboard.

In considering ship hull response as related to underwater free-field shock pressures and
loading measurements, it must be recognized that a modern ship is a complex elastic structure,
whose hull plating, frames, bulkheads and decks generally constitute a complex, statically in-
determinate structure, because of the ship’s continuous-type welded and riveted-steel construction.

As discussed earlier in this chapter, the two previous full-scale underwater tests, Crossroads
Baker and Wigwam, offered little data by which a generalized answer to the safe-delivery range
tactical problem for surface ships in deep water could be made. Furthermore, little theoretical
knowledge was available that would enable reliable predictions of the effect of underwater nuclear
bursts on surface ships to be made. The phenomena were not well enough understood to allow
the limited test results to be extrapolated with confidence to all general tactical situations. Even
though the direct shock wave near the water surface could be reasonably predicted for very deep
water geometries, many practical operational situations were likely where the water depth ranged
between 500 to 5,000 feet (i. e., neither shallow nor very deep). With such water depths, it ap-
peared probable that the ocean-bottom-reflected shock would cause a more severe ship shock
response than that from the direct shock wave. Also, the pressure loading resulting from the
formation and closure of a cavitated surface layer of water, while not well understood, would be
of some secondary response importance. The screening effect of the cavitated layer on the
bottom-reflected shock, under certain circumstances, was also believed to have considerable
significance.
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However, even if the underwater free-field phenomena or pressures in the water about the
ship were known, there was no reliable theoretical means of predicting the loading pressures at
the hull, the initial velocity motions in the hull, the shock pattern throughout the ship, or the
hull damage and equipment damage produced by the shock. The lack of firm workable theoretical
concepts concerning the generation of damage in suriace ships by nuclear underwater bursts em-
phasized the importance of Objective 3 of this study, i.e., obtaining basic information on hull
response as related to free-field pressures and loading measurements.

Other than full-scale nuclear tests, one source of information was provided by tests on small-
scale models. An extensive series of instrumented model tests was conducted by UERD during
1955 and 1957 using a 1/35 scale model of a C-2 merchant ship and a 1/22 scale model of a
cruiser. Both were tested under a great variety of attack charge weight and geometries, and
these model data were expected to be valuable in extrapolating the results of the Hardtack full-
scale tests to other tactical situations and other types of surface ships. ‘

Other sources of information, high-explosive tests and the use of the proposed tapered-charge
technique, have already been discussed in Section 2.4.2. These later tests held promise as another
tool to supplement full-scale nuclear test data relating to equipment damage, as well as hull re-
sponse.

It was clear, however, from a review of previous data from full-scale tests, model tests,
theory, high-explosive and tapered-charge tests, that a fuli-scale nuclear test in relatively deep
water was required to gather data on hull response and damage of surface ships.

Procedure. For the hull ‘response and damage studies, the hulls of the target ships EC-2,
DD-593, DD-592 and DD-474, were relatively highly instrumented. The locations of these tar-
get ships for Shot Wahoo were respectively, broadside a- stern-on at- broadside at

@ P:nd stern-on a@jJfeet from surface zero as shown in Figure 2.8. Instrumentation of the
hulls, of course, included the ships’ hull plating, hull frames, bulkheads, decks and superstruc-
tures. It was the intent to measure the respohse of the target ship throughout its complete time
history, to measure the phases of response at all representative locations on the ships, and to
record this with high-fidelity electronic recording equipment.

Thus, it was planned to measure pressure loading time histories at the hulls of the ships,
velocity time histories at the hulls of the ships, bodily velocity time histories (both horizontal
and vertical) of the ships as a whole, bodily displacements of the ships, hull deflection histories
(of the EC-2), strain histories of the hull plating (of the EC-2), and of the flexing of the ship as
a whole (of the DD’s), and the rolling and pitching histories of the ships. Approximately 35 dy-
namic-measurement gages were installed on each of the three destroyers, and 50 gages were in-
stalled on the EC-2. The general location of these gages is indicated by Figure 2.42. As a
minor effort, six dynamic-measurement gages were installed on one of the YC barges used for
mooring the EC-2. Three high-speed motion picture cameras were installed to record hull and
bulkhead deflections within the EC-2, to illustrate the motion, and to aid in analysis of other
records.

The gages used were basically of the same types that were successfully employed in previous
underwater tests. The underwater loading pressure gages used on the outside of the hulls were
of the piezoelectric, tourmaline-crystal type. The velocity measurements, the principal instru-
mentation, were made by velocity meters consisting of a bar magnet, seismically mounted within
a coil of wire. Relative movement of the coil, which is attached to the hull point being investi-
gated, with respect to the seismically suspended magnet induces a voltage in the coil propor-
tional to the relative velocity of the motion. This is a relatively simple, but rugged instrument,
from whicﬁ displacements or accelerations can also be obtained by appropriate computation.

The deflection gages were of a type consisting of electrical resistance wire wound on a rod, with
a sliding contact, so that movement of the rod with respect to the contact caused a change in re-
sistance directly proportional to the deflection. Displacement gages were essentially of the
same type, but with the sliding contact attached to a seismically suspended mass. Figure 2.43
shows the installation of three velocity meters and one displacement gage in a ship compartment
area. Strain gages were the standard commercial (SR-4) resistance wire type, bonded directly
to metal surface under test. Roll and pitch gages were rigidly mounted electrical potentiometer
types, with pendulum.
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All dynamic-gage measurements were recorded on magnetic tape recorders, and to a minor
extent, on photographically sensitive visicorders, located in a recording center compartment
near the middle of the ship. To protect the electronic recording units from severe shock dam-
age, they were mounted on a steel frame suspended from the ship structure by a system of aer-
oid and steel springs. Figure 2.44 is a view of the recording center on the EC-2. Air condi-
tioning and humidity-control equipment were installed in the recording center space on each
ship to adequately protect the electronic equipment. Electric power for the instrumentation
was supplied from 60-kw diesel generators especially installed on each of the four ships. The
recording units were activated by wire timing signals from an EG&G radio-activated timing
signal center on each of the ships.

Results. For Shot Wahoo, the electronic measurements of hull response on the EC-2 and

. the DD-593 were entirely successful. Measurements on both ships were uniformly of good qual-

ity. Because the recording-unit platform went beyond the motion anticipated and hit the overhead
deck, some minor distortion of records was noticeable on the EC-2 as a result of severe mechan-
ical shock motions on the recording equipment. However, no vital information on the EC-2 was

lost.
Due to failure of the timing signal systems because of malfunctions of auxiliary ships’ power,

the electronic measurements of hull response were not obtained on the DD-592 or DD-474. As

a result, data on hull response on these ships will have to come from the self-recording shock-
spectrum recording gages which were also installed in the ships as back-up instrumentation. The
high-speed motion picture cameras in the EC-2 hull functioned satisfactorily.

A few of the records from the EC-2 and DD-593 are shown on a compressed time scale in
order to reveal an overall view of the response to underwater phenomena (Figure 2.45). The
main phases of the response are marked on the figures, i.e., direct shock wave, cavitation re-
loading subsequent to direct shock wave, and bottom-reflected wave.

The hull loading and response of the EC-2 are shown in Figure 2.46. The maximum recorded
ship’s bottom vertical velocity was about 14 it/sec as shown. The velocities measured over the
cross section of the EC-2 hull are shown in Figure 2.47. The maximum recorded side frame
horizontal velocity was about 37 {t/sec, which corresponds to the maximum side frame displace- ~
ment discussed below.

The longitudinal distribution of the response along the length of the DD-593 is illustrated in
Figure 2.48. It can be seen that the maximum response from the reflected shock is two to three

1es as great as that from the direct shock for this particular shot geometry. Of some interest
is the sea-bottom-induced precursor pressure wave, which produces a response prior to that due
to the directly reflected pressure wave.

The response upward through the DD-593, as indicated by a few velocity records at positions
on the forward fire-room bulkhead, is shown in Figure 2.49. The maximum response of about
2 ft/sec at each level from the reflected wave is shown. However, the longer rise times indi-
cated at the higiier decks would reduce the acceleration and damage effects at the higher decks.

The damage survey of the EC-2 hull indicated that a maximum transient displacement near
the ship’s center, of approximately four inches in the hull side frames, produced a maximum
permanent hull side-frame displacement of about 1‘/2 inches. In the same side area, maximum
permanent hull-plating deformations between frames were about % inch. As a result of the side-
frame deformation, many of the brackets connecting the side frames with the double bottom were
buckled. Considerable damage resulted in the propellor-shaft-alley tunnel, which bowed inward
about six inches, at the same time producing completely disabling shock damage to the propeller-
shaft bearings. Examination of the ship’s bottom revezaled maximum hull plating dishes of about
one inch. An open split seam about eight feet in length occurred at EC-2, Frame 120. Minor
hull flooding caused by leaks in the engine room, holds, and shaft-alley tunnel was controllable
by periodic pumping.
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A careful examination of the hulls of the DD-474, DD-592 and DD-593 revealed no hull damage,
dishing, or other permanent hull deformation that could definitely be ascribed to Shot Wahoo.

Conclusions. The hull responses and damages of the surface ships EC-2, DD-593, DD-
592 and DD-474 were somewhat less than predicted for Shot Wahoo. Apparently, this was due
to a reduction in the free-field underwater pressures encountered from those predicted, due to
stronger than expected refraction or bending of the shock waves, in turn caused by the abrupt
temperature gradient with depth in the water at the Wahoo site. However, further detailed data
study on this matter and the rest of the data collected is required. The following conclusions,
however, apply to the hull response and damage studies on surface ships in deep water on Shot
Wahoo. It should be understood that Wahoo conditions included yield, shot geometries, and, to
a lesser extent, bottom reflection and water-temperature gradient characteristics for this test.

1. From the standpoint of hull deflection, a safe-delivery range for destroyers oifjjjilijieet
for Wahoo conditions has been demonstrated. The minimum safe-delivery range, from the
standpoint of hull deflections, is considerably smaller than the above.

2. From the standpoint of hull deflection, it can now be estimated that the lethal range for
the EC-2 i & JiBteet under Wahoo conditions. '

3. Considerable basic information on hull response as related to free-field pressures and
loading measurements was obtained. This has provided check points for small-secale ship model
experiments which confirm developed theories, which upon further analysis, are expected to
prove valuable in extrapolating results of Wahoo to other conditions. The loss of electronically-
recorded data on the DD-592 on Wahoo makes direct correlation with the full-scale, high-
explosive, tapered-charge tests more difficult; however, it is expected that analysis of shock-
spectra data available will permit such correlation. Some of the other preliminary {features of
the basic information obtained are given in the additional conclusions below.

4. The keel bottom velocities at the EC-2 position caused by the direct shock wave were, by
far, the most significant, being about three times as great as the sea-bottom-reflected shock
wave. The bulk cavitation reloading shock wave response at the EC-2 position was small.

5. The keel bottom velocities caused by the reflected shock wave at the DD-593 position, in
contrast to the EC-2 position, were three times as great as those for the direct-shock wave.

6. Under side-on attack, the bottom vertical and horizontal velocities are not uniform over
the length of the ship; despite uniformity of loading, velocity response was critically dependent
upon precise locations of the structure to which the gages were attached.

7. Vertical velocities measured at the keels of the target ships were higher than correspond-
ing water particle velocities. The maximum vertical bottom velocities measured were: 14 ft/sec
for the EC-2; 2 ft/sec for DD-563.

8. The severity of the shock motions in a surface ship diminishes considerably from bottom
to the superstructure decks. The damaging initial accelerations can be reduced by a factor of
20 or more, even though the peak velocities are the same because of the slower rise time at
the higher deck levels.

9. The character of the EC-2 hull damage was similar to small-scale tests on the C-2 models.
The magnitude of side damage may be predicted, therefore, with an accuracy sufficient for pre-
dicting lethal ranges, on the basis of these small scale model tests.

2.4.4 Hull Response Studies of Submarines. Objectives. The principal effort of the hull
response studies on submarines was on Shot Umbrella, and it will be discussed in the chapter
dealing with that event. However, as a result of the inclusion of the submarine SSK-3 in the
Wahoo array, the following objective was added for these studies: determination of the response
of the hull of a submarine in a simulated attack position in deep water.

The submarine SSK-3 was included in the Wahoo array primarily to demonstrate a safe-
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delivery range for an underwater nuclear weapon in deep water. Although it was believed that
shock damage to the submarine -machinery and equipment would control the safe range, it seemed
desirable to simultaneously study the response of the hull. This consisted of a few strain meas-
urements made on the pressure-hull plating in a typical bay and at a previously determined weak
spot in the forward torpedo room. The measurements were intended to provide a comparison of
effects of dynamic and static pressure loading of the hull.

Background. Shot Baker of Operation Crossroads first tested submerged submarines
(SS-212 and SS-285 class) exposed to underwater nuclear attack, and valuable information on
lethal radii was obtained for attack in shallow water. However, the lack of pressure-time meas-
urements in the water and of hull response'-time measurements made extrapolation of these re-
sults to other targets, other depths of water, other burst geometries and other types of sea
bottom difficult.

Operation Wigwam was specifically designed to determine the lethal range of submerged sub-
marines exposed to underwater nuclear attack in very deep water. Submarine models (Sguaws},
4/5 full-scale $S-563 class submarine in cross sectional dimensions, were utilized for these
tests. The Wigwam results enabled reasonably confident establishment of safe ranges for sub-
marines in very-deep water.

The pressures in such a very-deep water test were essentially those in a free- held except
for linear surface cutoff and refraction effects. For a detonation in water between 500 to 5,000
feet, i e., neither shallow such as Shot Baker of Operation Crossroads nor very deep as in Wig-
wam, the effect of the bottom reflection shock wave could be expected to be more than on Wig-
wam but less than on Shot Baker of Operation Crossroads. Therefore, it was apparent that

information on submarine-hull response from underwater nuclear detonation with Shot Wahoo
geometry would be desirable in determining the minimum safe-delivery range of such weapons
under such deep-water conditions.

Procedure. The operational submarine SSK-3, with crew aboard, was broadside at

foot range during Shot Wahoo and was submerged to periscope depth (50 feet to keel) in
a simulated attack position. This range greatly exceeded that considered safe. Preliminary
plans called for the SSK-3 to be located atfii il feet, moored and suspended between pontoons,
without the crew aboard. Difficulties during the preparation of the mooring, including loss of
some other target array mooring cables as a result of rougher seas than anticipated, required
the change in plans. At tha-foot range, the predicted dynamic-peak pressures during
both the direct shock wave and during the bottom-reflected wave were much less than the es-
timated static collapse pressure of the hull. .

The inner pressure hull of the SSK~3 was circular, with a diameter of 15 feet, a thickness of
7/8-inch medium steel with a yield strength of 34,000 psi; frames were external, spaced at 36
inches.

Strain gages were installed on the SSK-3 hull to measure the deformation of hull plating and
stiffeners and were supplemented with high-speed motion picture cameras to aid in interpreta-
tion of the hull deformation data records. The location of the seven strain gages (SR-4 type) and
three motion-picture cameras is shown in Figure 2.50. The signals from the gages were re-
corded on an oscillograph recorder in the submarine, with the sequence timer for Wahoo started
manually by a crew member aboard listening to a radio voice timing signal.

Results. All instrumentation functioned well on the SSK-3, and good strain records and
high-speed photography were obtained. As expected, no hull damage occurred. The records
of the strain from the reflected shock wave are shown in Figure 2.51, and the peak values of
strain are shown in Table 2.13. Of the three distinct pulses of strain, the second from the
ocean-bottom-reflected shock was of the largest magnitude. The pressure from this reflected
wave was lower than that from the direct wave, but the duration was longer. The origin of the
third pulse was not definitely established but was probably from the cavitation reloading.
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It will be noted that the maximum strain recorded was 390 uin/in, which is below the hull
vield strain of 1,100 pin/in.  The equivalent depth of submergence at which such hull strains
would occur is about 200 feet. This equivalent depth is only half of the operating depth of the
SSK-3 and only % of the estimated collapse depth of 700 feet.

The estimated static collapse pressure for the SSK-3 hull is about 300 psi (equivalent'to 700-
foot depth). Under Wahoo conditions, that value of dynamic pressure was estimated for SSK-3
at the 7,000-foot range at periscope depth. Therefore, this range can tentatively be considered
a safe range at periscope depth, since it is clear that much higher pressures may be sustained
without failure under short-duration dynamic conditions. Moreover, since Wahoo results in-
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Figure 2.50 Inboard profile and section views, showing locations
of strain gages on the USS Bonita (SSK-3).

dicated that the ocean bottom reflection characteristics were such that reflected wave pressures
were less than expected. a better prediction of the minimum-safe range will be possible after
detailed study of Wahoo pressure-time measurements and more consideration of the dynamic .
structural conditions required for collapse.

Conclusions. The following are the preliminary conclusions of the submarine hull study
on Shot Wahoo. It should be understood that in the following, Wahoo conditions include yield,
shot geometries, and to a lesser extent the bottom reflection characteristics and water-
temperature gradients for this test. .

Based on a comparison of static collapse pressure of the hull with estimated applied dynamic
pressure of the same magnitude, it is estimated that a safe range for the SSK-3 submarine hull
under Wahoo conditions i This comparison is quite conserva-
tive and therefore is not to be considered the minimum safe range, a better estimate of which
will be made in the final report.

.

2.4.5 Shipboard Machinery and Equipment Shock Damage Studies. Obje ctives. The over-
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all purpose of these studies was to obtain data on the effects of underwater nuclear detonations
on ships, from the standpoint of shock damage to machinery and equipment, that could be used
to check theory and to increase the knowledge of shock phenomena and effects. This would per-
mit more reliable predictions of shock effects, including extrapolation to other attack geometries,
and provide design information necessary for shock hardening of future ships’ machinery and
equipment. The specific objectives on the Wahoo shot were to:

1. Determine safe range and moderate damage ranges for delivery of antisubmarine nuclear

TABLE 2.13 STRAINS ON THE USS BONITA (SSK-3) FROM SHOT WAHOO

Maximum Strains in p in/in

Position Location * First Second Third Eqmvaltint
Number Shock  Shock Motion ~ Depth’
ft
S1 Frame 27 at crown 50 240 190 200
S2 Frame 27, 90 deg port 90 -390 .- -190 220
S3 Frame 52 l/z at crown —40 170 100 130
S4 Frame 52%,, 26 deg port 30 180 100 140
S5 Frame 52, 45 deg port 60 210 90 170
S6 Frame 52Y%,. 90 deg port 30 —-110 50 120
S7 Frame 52%, 90 deg stbd —-30 120 100 70

* All gages measured circumferential strain. Compression is rccorded as
positive strain.

T Change in depth of submarine which would produce same static strain as the
largest dynamic strain ohserved. Strain gages werc calibrated during deep-dive
trials.

weapons by destroyers in deep water, from the standpoint of shock damage to machinery and
equipment important to combat capability.

2. Determine safe ranges for delivery of antisubmarine nuclear weapons by submarines in
deep water, from the standpoint of shock damage to machinery and equipment important to com-
bat capability. .

" 3. Determine the intensity and character of equipment shock motions on an EC-2 merchant
ship at quasi-lethal range for the hull, under nuclear attack in deep water. '

4. In general, obtain shock-motion data on ships’ machinery, equipment, and foundations
for correlation with free-field phenomena, hull loading and theories so that the results of nu-
clear tests in deep water can be extrapolated to other burst geometries and ships.

Background. By underwater explosion of a chemical or nuclear weapon, a ship may be
either (1) destroyed by rupture of its hull or (2) rendered inoperative by the disruption of vital
machinery and equipment by mechanical shock. For most surface ships and submarines, there
was evidence that the shock damage to vital machinery and equipment was the most critical prob-
lem insofar as maintaining the ships’ combat capability was concerned.

At the beginning of World War II, the machinery and equipment shock-damage problem was
brought sharply into focus when German influence mines caused disabling ship-equipment dam-
age. Subsequent high-explosive tests subjecting a submerged submarine and several destroyers
to simulated attack by depth charges provided some data and indicated the large scope of the
equipment shock-damage problem. It became clear that there are many variables involved:
type of construction and materials used in ship equipment, type of structure to which equipment
is attached on ship, type of ship, size of weapon, depth of burst, depth of water, type of sea
bottom, and attack geometry. It became obvious that the complexity of the problem, as indicated
by the parameters involved, required a systematic approach.
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UNIT
CALIBRATION

Shot Baker of Operation Crossroads provided only limited data on the equipment shock damage
to surface ships. More data on shock from an underwater nuclear weapon was obtained on Opera-
tion Wigwam. However, this test was specifically designed to determine submarine lethality,
with little effort expended to determine surface ship equipment-shock damage. The simplified
submarine targets (Squaws) did contain weights simulating main machinery on which shock mo-
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Figure 2.51 Oscillogram of bottom-reflected shock wave on the
USS Bonita (SSK-3) for Shot Wahoo.

tion was extensively recorded, but the only surface ships in the test array were the YFNB in-
strument barges, which were instrumented.

Other underwater shock tests conducted with high-explosive charges on submarines and a
variety of surface ships during the period of 1852 to 1957 have furnished additional data on shock
response. The latest of these high-explosive tests, in December 1957, were the underwater ex-
plosion tests conducted on the new guided missile destroyer DDG-1 (USS Gyatt) to evaluate the
shock strength of the missile system. In most of these tests, however, it was not practical
to carry the tests into the severe shock damage ranges, since the targets involved were com-
missioned ships which were not expendable. Nevertheless, such tests have confirmed that both
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operating submarines and surface ships can be disabled as a result of equipment shock damage
at considerably greater distances than required to damage the hull. In addition. recent model
studies using high explosives have also helped considerably in predicting the response of surface
ships to a given underwater pressure loading.

However, the guestion of correlation between the response from a full-scale nuclear detona-
tion and the occurrence of damage to various shipboard machinery and equipment, especially
with the latter under actual operational conditions, was still unanswered. This shipboard ma-
chinery and equipment shock damage question could only be satisfactorily answered by having
vessels, with vital shipboard equipment actually in operation, subjected to a pressure loading
encountered in an underwater nuclear attack.

Procedure. To accomplish the objectives of the shipboard machinery and equipment
shock damage studies, the shock motions of actual and simulated equipment, their foundations
and supporting structures (including hull, bulkheads, decks and superstructures of the ships)
were to be recerded as a function of time using electromagnetic velocity meters. In addition,
at the same representative ship locations, the shock spectra associated with the movement of
these structures were to be recorded by shock-spectra (reed-type) recorders.

The DD-593, DD-592, DD-474 and the EC-2 were the principal target ships, and all were
relatively highly instrumented for the equipment shock damage studies. The locations of these
target ships from Shot Wahoo surface zero were respectively stern-on at broadside at

S stern-on 2t and broadside adfPeet, as indicated by Figure 2.8. A manned
operational submarine, the SSK-3, was also instrumented and located a foot range.

As a supplementary effort, two manned operational destroyers, DD-728 and DD-886, containing
minimal instrumentation, were exposed during Shot Wahoo at relatively long ranges from the
burst-ieet). Another manned operational submarine, the §S-392, without in-
strumentation, was located ayfjjjiPtoot range.

For the three target destroyers, extensive instrumentation was located principally in the for-
ward engine and fire rooms where the main machinery was in operation, as well as in radio cen-
tral, in the CIC, gunfire control and gyrocompass rooms. The operation of machinery and
equipment in the forward engine and fire rooms, without personnel aboard, was accomplished
by installation of automatic controls in these three destroyers. The starboard propeller on each
destroyer was replaced with a disk of the same diameter to allow the shaft to rotate at normal
400 rpm destroyer cruising speed without thrust. Unlike the DD’s, the machinery on the EC-2
was not activated, ‘although the instrumentation was located principally in the engine and fire
room, as well as at other key locations such as on the bridge by steerage control equipment.’

Approximately 50 velocity meter gages, and 50 shock-spectrum-recorder gages were in-
stalled on each of the three DD’s; approximately 30 of each type gages were installed on the
EC-2. Eight of each type were mounted on the SSK-3, and six velocity-meter measurements were
taken on each of the two operational DD’s (DD-728 and DD-886). Thus, a total of over 350 gages
was installed for the machinery- and equipment-shock studies.

In addition to the above shock-measurement gages, a total of 40 high-speed, 1,000 frames
per second, motion-picture cameras were installed on the three target destroyers, the EC-2
and SSK-3. These high-speed cameras were located to give a pictorial record of selected ma-
chinery response and damage to aid in analysis of the data measurements. The general loca-
tions of these gages and cameras on the target DD's and EC-2 are indicated by Figure 2.52.

The gages used were substantially the same types previously utilized on other underwater
tests. The basic velocity measurements were made by velocity ‘meters. This was a simple,
rugged-type gage consisting of a spring- mounted-bar magnet mounted inside a cylindrical coil.
The latter was attached rigidly to the equipment base whose shock motion was to be measured;
motions of the base produced a voltage in the coil proportional to the relative velocity between
the coil and the magnet. The time histories of the velocities so measured were recorded di-
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rectly on an oscillograph recorder located in a recording center compartment near the center
of the ship. These recorder units were protected from radiation-film fogging by a lead shield-
ing three inches thick. The recording equipment units were also mounted on steel spring cylin-
ders to protect the recording units from severe shock damage, as shown in Figure 2.53. Air
conditioning equipment was installed in the recording center compartments on each ship to ade-
quately protect the electronic equipment from high humidity conditions.

The shock-spectrum-recorder gages consisted of 10 weighted, cantilever reeds, each of a
particular natural frequency from 20 to 450 cps. When exposed to shock, displacements of each
reed are scribed on a waxed paper. From peak displacements, the maximum acceleration of
each reed can be computed; maximum acceleration plotted as a function of reed frequency is
called shock spectrum. Shock spectrum specifications have been commonly utilized for several
years by designers of shock-sensitive machinery and electronic equipment to resist shock en-
vironments. The basic shock-spectrum recorder is an autographic, self-contained, self-
recording instrument which requires no power or time initiation. For the first time on Opera-
tion Hardtack, a few of the recorders were powered with an electric motor to drive the waxed
paper, to thus separate versus time, the records produced by the successive direct, reloading,
and reflected shock pulses. Figure 2.54 shows a shock-spectrum recorder.

Each of the 40 high-speed cameras used for these shock studies was protected against {ilm-
radiation fogging by being mounted within a special cylindrical shield of lead three inches thick,
in turn resiliently mounted in a specially-designed frame. Figure 2.55 shows a typical camera
installation. ' '

Results. On five of the seven instrumented ships in the array, records of shock motions
versus time were successfully made with all instruments installed. On the DD-592 and DD-474,
the two target destroyers closest to the burst point, no electronic time-based records were ob-
tained because of failure of the timing signal system on those two ships, which resulted from
auxiliary ships’ power malfunctions. The shock motions on these two ships, therefore, were
recorded only on the self-recording shock-spectrum recorders. These mechanical instruments,
installed to produce shock-response data and as a backup for the time-based instruments, func-
tioned excellently on all ships. All high-speed cameras on those ships on which timing signals
were received operated, and good quality films were obtained.

Figure 2.56 shows a typical oscillogram record from one of the targets, this of the response
from the direct-shock wave on the EC-2. Table 2.14 and Table 2.15 show a tabulation of the ve-
locities, rise times, and average accelerations for both direct and reflected-shock waves on the
EC-2 and DD-593. These tabulations interestingly indicate the general range of response mo-

. tions on various items of machinery and foundations. The maximum vertical velocity of about
14 ft/sec on the EC-2 and two ft/sec on the DD-593 compare well with similar measurements
taken for the hull studies.

The shock-spectrum recorder data requires some data reduction and computation prior to
presentation. However, a few records have been read and reduced and are shown in graphical
form in Figure 2.57. The shock-spectrum data on the DD-474 and DD-592, upon analysis, is
expected to make the principal shock motions on those two ships available, even though the elec-
tronic response instrumentation did not function.

The ship’s machinery and equipment damage to the EC-2, located broadside at-feet
from surface zero, was serious and crippling. Propulsion and auxiliary plants were seriously
damaged. A variety of equipment, primarily cast-iron compor{ents, failed. In the propulsion
plant, the main shaft bearings were broken from their pedestals. Mounting feet on fuel oil ser-
vice pumps fractured; main condenser-holding bolts were sheared off. Auxiliary and ship’s
electrical service failed because of pipe-casting failures and failure of casting supports. The
ship was made completely inoperable, by machinery and equipment shock damage, and would
have required much shipyard work to return it to operating condition.
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Figure 2.53 Recording equipment on resiliently mounted table in recording center. The os-
cillograph, partly removed from its lead-lined housing, can be seen. Another oscillograph
ir a similar housing is hidden behind the velocity-meter control and calibration panels canti-
levered from the table. One of the two thin-walled 24-inch-diameter cylinders which support
the table is visible in the lower left corner of the photograph. The cylinders are designed to
yield under shock loading so as to limit accelerations of the table to around 4 g.

Figure 2.54 Typical installation of a velocity meter and a shock-spectrum recorder. The
velocity meter at the right is connected By a cable to a galvanometer channel in the oscil-

lograph shown in Figure 2.53. The shock-spectrum recorder at this location is equipped

with a motor, which drives the recording paper. The protective cover has been removed

from the shock-spectrum recorder to show five of the ten weighted cantilever reeds.
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The ship’s machinery and equipment damage to the DD-474, located-feet from surface
zero, could be classified as light but beginning to approach the moderate damage range. The
flexure plate bolts which support the foundations to the main turbines were appreciably de-
formed in both shear and bending. Misalignment between the turbines and the propulsion shaft
resulting from the deformation of these bolts was taken up in the couplings. Although the tur-
bines were still operable, misalignment would result in excessive wear in the couplings. Com-
plete failure of these flexure plate bolts would drop the turbine into the bilge and at normal
turbine speeds could result in severe damage to the ship. Thus indications are that the differ-

Figure 2.55 Typical installation of high-speed motion-picture cameras. Each camera
is housed vertically inside a heavy lead-lined cylinder. The cylinder is seismically
suspended by means of three pairs of rubber (shock) cords from a special frame. In
order to take pictures horizontally, an adjustable mirror is used. It is seen below the
housing reflecting an image of the camera lens. Lights for illuminating the subject
are resiliently mounted.

ence in range may be small between light, moderate and severe damage. Brick work on the
floor of one boiler was damaged, and a five-inch ammunition hoist was disabled by bolt failures.
The shock damage was negligible on the DD-592 and DD-593 a eet, respect-
ively. On the DD-728 and DD-886 a et, respectively, some electronic
equipment failed. In addition, gearing in the rocket-thrown-torpedo (RATT) system jammed.
It is of significance to note that these latter manned commissioned destroyers, unlike the tar-
get destroyers, had modern electronic equipment on board. Had the target ships closer to the
burst point been outfitted with such electronic equipment, this undoubtedly would also have been
damaged. ] ,
Shock damage to the SSK-3, -eet from surface zero, was negligible, consisting only
of momentary power loss due to a circuit breaker trip and minor failures of electronic and ord-
nance equipment. The operating submarine SS-392, at-eet, reported a minor malfunc-
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Unit Calibration

Figure 2.56 Oscillogram of direct shock wave on SS Michael Moran (EC-2) for Shot Wahoo.
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tion in that release of torpedoé occurred in two tubes as a result of raising of the stop bolts
from the shock. .

Table 2.16 shows the vertical velocities caused by the direct shock wave averaged for the
EC-2 and DD-593, by various types of positions, and computed average ratios of velocity to
water velocity. For shipboard machinery and equipment, these computed average ratios show
that the velocities larger than surface-water velocity are associated with light load positions,

while heavily loaded positions more closely approximate the surface-water velocity.
Conclusions. The shock damage to ship machinery and equipment on the target ships,

although reasonably severe on the EC-2 and light approaching moderate on the DD-474, was
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Figure 2.57 Comparison of shock spectra on the three target destroyers for Shot Wahoo._
The spectra shown are for Position 17, measuring vertical motion of Bulkhead 110 at a
point near the keel, and are the spectra for all the shock motions which occurred.

somewhat less than expected for Shot Wahoo. This was apparently due to a reduction in free-
field pressures encountered from those predicted. This may have been caused by a stronger
water-temperature gradient-refraction'effect in the water than expected at the Wahoo site, al-
though more detailed data study of this point is required. The following conclusions, however,
apply to the ship machinery and equipment shock damage studies on Shot Wahoo. It should be
understood that Wahoo conditions include yield, shot geometries, and to a lesser extent, bottom
reflection and water-temperature gradient characteristics for this test.
1. From the standpoint of equipment shock response, the minimum safe range for delivery

of an antisubmarine weapon by destroyers ié-eet for Wahoo conditions. Damage or mal-
function of particularly delicate equipment, i.e., some types of electronic equipment, may occur

at larger ranges.
2. From the standpoint of equipment shock response, the rance for moderate damage for
delivery of an antisubmarine weapon by destroyers is between_eet for Wahoo

conditions.
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3. From the standpoint of equipment shock response, the minimum safe range for a sub-
marine is less tha under Wahoo conditions. The estimated maxi-
mum submarine hull velocity at that range was about 2.5 ft/sec, which is considerably less than
the velocity necessary to cause significant equipment damage. Therefore-eet is a con-
servatively safe range, although malfunction of particularly delicate equipment ({i. e. electronic)
may occur at larger distances. In the final report it is expected that analysis will permit an
estimate of the minimum safe range to be made.

4. Shock data defining the intensity and character of the shock motions on merchant ships

TABLE 2.16 VERTICAL VELOCITIES OF HULL FOR DIRECT SHOCK WAVE FRiOM SHOT WAHOO

Ratio to Velocity

Magnitude of ' . A
I‘ Ii;g_r:tﬁd('dél Positions Average Peak Velocitics = of Surface Water
) a
nertia Loacing EC-2 DD-595 EC-2 DD-393
ft/see ft/sce
Heavy Bulkheads at locations near keel §.4 0.2 1.0 1.0
Intermediate Foundations of propulsion machinery  10.0 0.2 ‘ 1.2 1.0
Light - Foundations of light cquipment and 12.0 0.5 1.4 2.5
unloaded positions
Light Highest velocity recorded (shaft alley  13.5 0.6 1.8 3.0
of EC2, Framec 22 of DD593)
— Computed velocity of surface water 8.5 0.2 —_ —

* Numerical averages of recorded peak velocities. Accuracy is low for data from DD-593 because the
velocities are small compared to the peak velocities expected from the reflected wave. No time-history
records were obtained trom DD-474 or DD-592.

were obtained on an EC-2 at-eet from Shot Wahoo. At this range, the ship was totally
disabled by machinery and equipment shock damage. ‘

3. Sets of shock motion data were obtained on all seven of the target ships during Shot Wahoo.
Time-based shock motion data were not obtained on the two target destroyers closest to the burst.
However, data from self-recording mechanical shock-spectrum recorders were obtained on all
targets. It is believed that sufficient data are at hand to provide check points to correlate with
observed pressures and times so that the results of nuclear tests available can be extrapolated
to other geometries and ships. It is hoped such generalizations can be developed for inclusion
in the final report.

6. For Shot Wahoo, the direct shock wave, rather than the reflected shock wave, was the
primary cause of shock damage at the close ranges of interest.

7. The safe range and damage range for submarine and surface ship targets, under Wahoo
conditions, is determined by shock damage to ships machinery and equipment rather than by
hull damage.

-

2.4,6 Summary. In summary, it is concluded that the results obtained from the projects in
Program 3 on Shot Wahoo were generally successful in achieving the main objectives of the
program.

The pre-Wahoo tests of high-explosive-tapered charges against the DD-592 in January 1958
successfully showed that the direct shock waves of an underwater nuclear detonation could be
simulated by means of tapered charges. The decision as to whether this tapered-charge tech-
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nique also properly simulates target response must await evaluation of shock-spectra-gage
data from Shot Wahoo.

On Shot Wahoo, the response and damage to hulls, ships’ machinery, and equipment of the
surface ships EC-2, DD-593, DD-592 and DD-474 were somewhat less than predicted. Appar-
ently, this was due to a greater reduction in the free-field underwater pressures from a stronger-
than-expected refraction effect on the underwater shock waves, which, in turn, was due to the
pronounced thermocline or abrupt temperature gradient with depth in the water at the Wahoo site.
However, considerable detailed data study will be required prior to preparation of firm conclu-
sions which are expected to appear in the final report.

In consonance with the less-than-expected ship response on Shot Wahoo, the EC-2 merchant
ship, located broadside at 2,300 feet from surface zero at a predicted quasi-lethal range for the
hull, actually sustained only light hull damage. A maximum transient displacement of about four
inches in the hull side frames near the ship’s center produced a maximum permanent hull side
displacement of about one and one half inches. Maximum permanent hull-plate dishing between
frames was about ¥, inch. Minor hull flooding, caused by leaks due to minor seam cracks, was
controllable by pumping. In contrast to the EC-2 hull, the ship machinery and equipment damage
was severe, so as to make the ship completely inoperable, and would have required much ship-
yard work to return the EC-2 to an operating condition.

As expected, there was no hull damage to the DD-474, the destroyer closest to wsurface Zero
a foot range, oriented stern-to. The ship’s machinery and equipment damage to the
DD-474 could be classified as light but beginning to approach the moderate damage range. The
flexure plate bolts, which support the foundations for the main turbines, were appreciably de-
formed in both shear and bending. Misalignment between the turbine and propulsion shaft re-
sulting from the bolt deformation was taken up in the coupling. Although the turbine was still
operable and did operate at the normal 400 rpm propeller-shaft cruising speed through and
after shot detonation, this misalignment would result in excessive wear in couplings. Complete
failure of these deformed flexure plate bolts would have dropped the turbine in the bilge and at
normal turbine speeds would have resulted in severe damage to the ship. Thus, indications
are that the difference in range distance may be small between light, moderate, and severe
damage ranges.

Although hull and shock damages on the other Shot Wahoo target ships were considered neg-
ligible, two manned operational destroyers a*fcot range had some electronic
‘equipment failures. In addition, gearing in the late model rocket-thrown-torpedo system jammed.
It is also significant to note that these manned commissioned destroyers, unlike the target de-
stroyers, had modern electronic equipment on board. If the target destroyers which were closer
to the burst point had also been so outfitted, such electronic equipment undoubtedly would also
have been damaged. ' ‘

It is expected that analysis of the volume of self-recorded and electronically-recorded shock
response data available, even though the electronically-recorded data on the DD-474 and DD-592
was not obtained on Shot Wahoo because of ship’s power and timing signal malfunctions, will
permit correlation of hull and equipment response with free-field pressures on all target ships.

From the results obtained, there was confirmation that the safe range and damage range for
submarine and surface-ship targets under Shot Wahoo conditions is determined by shock damage
to ship’s machinery and equipment, rather than by hull damage.

The following additional preliminary conclusions drawn from Shot Wahao data with respect
to both hull and shock damage to ship’s machinery and equipment are considered significant.

It should be understood that these apply to the deep-water Shot Wahoo conditions, which include
yield, shot geometries, and to a lesser extent, bottom reflection and temperature gradient char-
acteristics for this test:
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1. From the standpoint of hull deflection, the estimated lethal range for an EC-2 merchant
ship i eet for Shot Wahoo conditions.

2. The severe or crippling shock-damage range for machinery and equipment of an EC-2
merchant ship is eet, under Shot Wahoo conditions.

3. _The minimum safe range for repeated delivery of an antisubmarine weapon by destreoyers
is eet for Shot Wahoo conditions. _

4. The minimum safe range for single delivery of an antisubmarine weapon by destroyers,
with shipyard availability soon after, is ﬁeet for Shot Wahoo conditions.

5. The minimum safe range for delivery of an antisubmarine weapon from a submarine is
mm‘ Shot Wahoo conditions. Although this is a conserva-

tively sale range, malfunction of particularly delicate equipment (i. e., electronic equipment)
may occur at such range. It is expected that complete analysis of data will permit an estimate
of the minimum safe range in the final report.

6. Considerable basic information of hull response on surface ships as related to free-field
pressures and loading measurements was obtained. This data has provided check points for
small-scale ship model experiments which confirm developed theories, which upon further anal-
ysis are expected to prove valuable in extrapolating results of Shot Wahoo to other geometries
and ships. The loss of electronically-recorded data on the DD-592, as a result of ship’s power
and timing signal malfunctions, makes direct correlation with the high-explosive tapered-charge
tests more difficult; however, it is expected that analysis of available self-recording shock -
spectra response data will permit such correlation.

7. From the standpoint of ship damage important to combat capability, the safe range in
deep water for surface ships likely to deliver nuclear underwater weapons in the foreseeable

future is determined by shock damage to machinery and equipment, rather than damage to the
hull.
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Chapler 3
SHOT UMBRELLA

3.1 INTRODUCTION

Shot Umbrella was the underwater detonation of a 10-kt nuclear device in the southwestern™
part of Eniwetok Lagoon. The device was detonated 9 June 1958 on the bottom in about 148 feet
of water. A target array, consisting principally of three destroyers, an EC-2 liberty ship, a
submarine (SSK-3) and a submarine model (Squaw), was moored at various ranges and orienta-
‘tions from surface zero. In addition, naval mines were planted in the vicinity to determine mine
reactions to nuclear detonations.

3.1.1 Objectives. The objectives of this test are presented in paragraph 2.1.1. In addition,
there was the added objective of determining the mine-crushing capability of a nuclear detonation
and the mine-actuating influences'of such a detonation.

The test objectives and expected test results may be summarized as follows: (1) document the
basic-effects data with regard to initial and residual radiation, air overpressures, underwater-
shock pressures, crater measurements, mechanics of base surge, and radiological contaminants;
(2) document the response of selected targets to underwater shock pressures; and from these ob-
jectives to (1) determine safe minimum-standoff distances for delivery of nuclear antisubmarine
warfare weapons by existing vehicles; (2) improve predictions of the lethal range of nuclear anti-
submarine warfare weapons against submarine type and surface-ship targets in shallow and in
deep water; and (3) determine the mine-field-clearance capability of underwater-burst nuclear
weapons.

3.1.2 Background. The background of this test is presented in Section 2.1.2. After consider-
ation of many array plans it was finally decided that three destroyers, placed at ranges from
moderate-equipment damage to no damage, an EC-2 liberty ship, and the Squaw (Figure 3.1),
placed at a severe hull-damage range, would comprise the array (Figure 3.2). An operational
submarine (Bonita) was later added to the array. Barges were included for support of project
activities. Coracles collected data around the array.

About 1 August 1957, Chief, Naval Operations (CNO) designated the USS Bonita (SSK-3) as the
submarine target for Shot Wahoo. The destroyers and the EC-2 were taken into the Long Beach
Naval Shipyard on 1 September 1957. The Squaw and YFNB-12 were made ready at the Naval
Repair Facility, San Diego, with work starting about 1 September. For Shot Umbrella, it was
planned to use standard mooring buoys and anchors to hold the targets in place.

Tables 2.1, 2.2, and 2.3 list the approved projects, project agencies and funding for the two
underwater shots, Wahoo and Umbrella. No attempt has been made to separate the costs be-
tween the two underwater shots. Therefore, participation and funding for both are indicated in
the tables. '

Figure 3.1 and Figures 2.2 through 2.6 show the targets and barges used during Shot Umbrella.

3.1.3 Procedure. The procedure used in preparation for Shot Umbrella is discussed in Sec-
tion 2.1.3.

3.1.4 Preparatory Operations. The preparatory operations described in Section 2.1.4 are
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applicable to Shot Umbrella. In addition, a test of the Squaw submergence system was conducted
off San Diego, California, in November 1957.
Following the Special Charge Studies, Project 3.1, a meeting of the Target Positioning Ad-
visory Panel was held in Washington. Distances to the target ships from surface zero were set
. EC-2, - DD-474,-eet; DD-SQZ,.[eet; DD-SQB.eet; and Squaw,
eet (Figure 3.2). ‘
During the time between the test of the Squaw and the time it was towed to the EPG, the David

Figure 3.1 Squaw, scale-model submarine construction, previously
used during Operation Wigwam, being placed in the target array for
Shot Umbrella.

Taylor Model Basin was engaged in installing its instrumentation in the Squaw at the Naval Re-
pair Facility, San Diego, California.

3.1.5 Test Operations. The operational phase of Hardtack began with the movement of per-
sonnel and equipment from the United States to the EPG. Ships, barges and equipment were
towed or transported from their respective shipyards or ports. More details of the movement
of target vessels are found in the previous chapter.

Shot Umbrella was scheduled to follow Shot Wahoo. At 1330 on 16 May 1958, Shot Wahoo was
detonated. Early recovery of some data, particularly of a radiological nature, was accomplished
before dark on 16 May.

On 17 May the target ships were hosed down, monitored, and data was recovered as safety
considerations permitted. When all projects were ready, the ships were taken from their moor-
ings and towed into an anchorage near Site Fred where decontamination was performed using
teams from the USS Renville. This was accomplished in about four days.

To assist in target preparation, TG~7.3 again had the repair ship, USS Hooper Island (AR-17),
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moored near Site Elmer. The three destroyers and Bonita were nested alongside the USS Hooper
Island for the {inal field preparations for Shot Umbrella.

While project personnel were readying the targets and other instrumentation, TG-7.3 anchored
buoys and barges and made other preparations to place the Shot Umbrella array in proper position.

On 15 April, the Chief, AFSWP, directed that the USS Bonita (SSK-3) be submerged in the Um-
brella array at eet, bow toward surface zero.

Task Group 1.5 had moored the Umbrella zero buoy on 1 May 1958, to assist those projects
making early installations {for Shot Umbrella.

On 23 May, the Target Positioning Advisory Panel held a meeting and decided on the following

revised distances for the target ships from surface zero: EC—2,-£eet; Squaw eet;
DD-474, ,[eet; DD—592. feet; and DD-593 eet. These distances were accepted -
by the Chief, AFSWP (Table 3.1). Best estimates of exact ranges from surface zero at shot

time are shown in Figure 3.3.
Beginning 4 June, the USS Monticello (LSD-35) and the boats assigned from TG-7.3 Boat Pool

TABLE 3.1 TARGET-SHIP DISTANCES FROM SURFACE ZERO
FOR SHOT UMBRELLA

All distances shown are horizonal, in feet. from surface zero to
the nominal centerline of the ship concerned.

EC-2 Squaw
DD-3503 YFNB-12
DD-592 ! sSK-3
DD-474 -

provided transportation to the target-array area and boat service between the barges and ships.
The concept was good, but the daily operations were again beset by a series of minor but annoy-
ing problems, similar to those encountered prior to Shot Wahoo.

Since some data was lost on Shot Wahoo because of failure to get timing signals, much thought
was given to assuring signals during Shot Umbrella. The radio timing central was given two in-
dependent sources of power and, in addition, a visual-indicator system was devised to show when

7 ship lost power supply. '

Zero hour of 1100, 8 June, was established.

Following Shot Wahoo, in discussions with technical personnel, it was decided that, if possible,
a more stable platform with more antenna room should be provided for the arming and firing op-
erations and for Project 1.11. Investigation disclosed that a surplus LCU was available. Into
the well of this LCU, the LCM, with its already installed instrumentation, was placed. Project
1.11 occupied cae of the rooms on the starboard quarter of the LCU. The LCU was checked out
at Site Elmer and taken on 4 June to the zero buoy where it remained until shot time.

The Squaw and YFNB were moored in the array on 31 May.

The EC-2, DD-474, DD-592, and DD-593 were moored in the array on 1 and 2 June.

On 4 June, a complete rehearsal of procedure of Shot Umbrella was conducted. Token groups
of personnel were evacuated from the target array, washdown was in operation, a dummy device
was placed in position, the {ull-frequency full-power dry run was made, and the procedure for
early reentry, including the rad-safe survey, was followed. All aircraft missions for U-day
were also flown. .

Due to an accumulation of delays, it was decided to postpone shot day to 9 June 1958. The
remaining days and nights were devoted to last-minute checks and rechecks of instruments,

120




eplagquun joys Joj Avaae jpdaey, prg aandryg

S (sswor)
S 7
S
o’

£6500 pooqiy
WHO4LVY1d \\
ONIQHOJ3Y .
\ & oy
Ly \\Q\\

S3NIW SWYHOJLVd
“SWHOJLVd ONIQHOI3Y

\oz.omouum /& \\\
__——S £-355 -
s 0e 4

INJA

SaNIW
. WNO04LV1d
Sl 9NIGHO0O3Y

121




timing-signal runs, loading cameras, arming coracles, etc.

The Bonita was placed in position on 8 June.
At 0600 on 9 June, the device was lowered into position, final evacuation of the target array

was begun, and the USS Grasp left the zero-buoy area about 0900, while ships and boats moved
to pre-selected anchorages, generally east of surface zero, to wait for the detonation. ;

About 1030 a fifteen-minute delay was called to wait for better cloud conditions.

At 1115, 9 June 1958, the Umbrella device was detonated.

It was soon determined that there was not as much radiological contamination as had been an-
ticipated. Using a prearranged entry plan, the early recovery of data and instrumentation was
begun within two hours after shot time. By 1600 on 10 June, the early-data recovery was com-
pleted and the ships were broken from their moorings. The ships were taken to Site Elmer
where the remaining project data was removed, damage surveys were conducted, and the ships
made ready for return to the United States.

The EC-2 was found to be too badly damaged for economical repair. Permission was ob-
tained to dispose of the ship, and it was sunk by gunfire in deep water off Eniwetok Atoll.

The USS Bonita was returned to the United States under its own power.

The DD-474, DD-592, DD-593 and Squaw YFNB were towed to the United States.

3.2 BLAST AND SHOCK

Study of free-field blast and shock phenomena from the shallow water shot, Umbrella, was
accomplished by six projects. Their general objective was to correlate data obtained with re-
sults from Shot Baker of Operation Crossroads and high-explosive tests, with the aim of im-
proving methods of predicting blast and shock phenomena for any underwater burst geometry in
shallow water.

3.2.1 Umbrella Preshot and Postshot Bathymetric Surveys. A preshot bathymetric survey
was made of a selected area of Eniwetok Lagoon to facilitate selection of the shot site and for
use in placement of equipment and analysis of data. This survey was accomplished under the
general direction of the Columbia University Geophysical Field Station in September and October
1957; however, Project 1.13 increased the density of data around surface zero during Operation
Hz‘lrdtack, using a TG-7.3 LCM equipped with a fathometer. Combined results shown in Figure
3.4 indicate the lagoon has an average depth of about 23 fathoms, with numerous coral heads one
or two fathoms high.

Interest in the Shot Umbrella crater stemmed from possible use of bottom bursts in such civil
applications as harbor construction and possible side benefits from military use of a weapon, -
such as formation of a crater lip which would make harbors inoperative. A postshot bathymetric
survey was, therefore, made to ascertain the extent of the Umbrella crater and lip. An LCM,
equipped with a fathometer, was used to document postshot water depths, starting on D + 1 day.
Positioning and control of the boat were accomplished by cross bearings from known stations on
Sites Keith and Glenn, and appropriate radio communications. Some lead-line soundings were
also taken, and these showed little difference from fathometer readings. Four cross sections
through ground zero are shown in Figure 3.5. Because of the extremely uneven preshot terrain,
values for maximum crater depth and radius can only be grossly estimated. Crater depth ap-
pears to be less than 15 feet but is as much as 30 feet in regions where preshot high points
existed. Crater radius appears to be about 900 feet. Crater lip height, if any, was too small
to be measured by a fathometer. The crater was shallower and wider than TM 23-200 predic-
tions of 100-foot depth and 550-foot radius, thus indicating need for further studies of craters
{rom water-contained explosions.
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Figure 3.4 Preshot hydrographic survey of the Umbrella area.
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3.2.2 Hydrodynamic Yield Determination. During Operation Wigwam, Armour Research
Foundation (ARF) measured the time of arrival of the shock wave at selected points between the
underwater shot point and the water surface. From the shock arrival data, ARF computed the
shock-wave velocity versus range and then obtained the total-energy release of the device on
the basis of theoretical considerations (Reference 14). For Operation Wigwam, the yield com-
puted from this approach was considered to be quite reliable. The Operation Wigwam technique
was re-instituted on Shot Umbrella primarily to provide a check on the energy partition between
water and ground for the bottom-burst geometry. Shot Wahoo was to provide the free-water
pressure-distance curve for the device. Secondary cobjective on Shot Umbrella was to provide
a check on total yield.

Experimental Plan. Instrumentation, as shown in Figure 3.6, was essentially the same
as used on Operation Wigwam. Two strings of pressure switches and a doppler cable were at-
tached to the weapon-suspension cable. Closure of the pressure switches by the shock wave
triggered a pulse generator whose response was telemetered to a receiving station. Shock-wave
velocities were to be determined from the time interval between closures. A doppler coaxial
cable was also installed to provide a2 measurement of shock velocity. A signal from a radio-
frequency oscillator, transmitted down this cable, was to be reflected at the end crushed by the
shock wave. The reflected signal and oscillator signal were to be mixed, amplified, and telem-
etered to the receiving station. This telemetered signal, the doppler frequency, would be di-
rectly proportional to the shock-wave velocity.

Preshot tests showed considerable interference with reception of telemetered signals from
surface zero at Site Parry and adjacent islands. Therefore, a receiving station was set up on
an LCU. Use of the LCU permitted movement to a good zone of reception, approximately

et north of surface zero.
Results. Of two sets of pressure switches and one coaxial cable installed, only one set of

pressure switches provided data. Measured times of shock arrival and computed values of
shock velocity, overpressure, and total vield are shown in Table 3.2. As can be seen, a con-
sistent yield was not obtained. At Gage 29, shock velocity was approaching sound velocity, so
value of yield computed for this point can be disregarded. An average of the remaining points
gives a total yield of 6.45 kt or effective vield of 6.45 X 1.6 = 10.3 kt. This compares to the
expected total yield of 10 kt and expected effective yield of 16 kt.

Figure 3.7 compares the Umbrella pressure-distance curve with that predicted from Opera-
tion Wigwam. The measured curve crosses the predicted decay line in such a2 manner that in
one half of the region of interest the effective yield appears below, and in the other half above
the 16 kt expected. Determination of energy partition between coral and water must await an
adequate explanation of this unexpected slope of the measured curve.

3.2.3 Underwater Shock Pressures. Information from peak-pressure measurements and
{from limited amounts of pressure-time data obtained on Shot Baker of Operation Crossroads
was inadequate to enable predictions of loading to ships and submarine targets from underwater
shots in shallow water. Work with high explosives indicated general agreement with peak-
pressure results of Shot Baker, Operation Crossroads, but left considerable uncertainty as to
predictions of impulse for a nuclear shot. As a result, there was a real need for a substantial
program for measuring underwater pressures as a function of time and distance {rom Shot Um-
brella. These measurements were to be used by ship~-damage projects to provide characteristic
loading functions on target ships and so, when correlated with information on ship response and -
damage, provide a sound basis for determination of pertinent operational techniques. Naval
Ordnance Laboratory (NOL) was the project agency for obtaining the pressure-time histories.-

Experimental Procedure. NOL established 16 stations, with gages at depths of 10
to 130 feet, at ranges from 473 to 7,900 feet. The primary electronic gages were backed up by
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both mechanical pressure-time {p-t) and ball-crusher (b-c) gages. Vertical gage strings were
deployed from all three destroyers, the YFNB, EC-2, 5,500-foot barge, and two close-in linear
arrays composed of buoys and barges. Electronic strings, suspended from the close-in buoys,
reported to recorders in barges at ranges o feet. Alternate electronic gages
from each string reported to separate recorders to insure against complete loss of data from
any one station. . ’
Results. A typical electronic p-t record obtained is shown in Figure 3.8. Mechanical
pressure-time (mpt) and electronic pressure-time (ept) records were in good agreement. The
low-amplitude pulse in advance of the main shock, reaching an overpressure of three psi, was
found on almost all records. It was due to energy traveling first through the ocean bottom and
then transferring into the water and is referred to herein as the ground wave. The direct shock
wave was followed by a negative phase during which cavitation occurred. The second positive
pulse of 61 psi was caused by cavitation closure. Although not shown, the cavitation pulse was

TABLE 3.2 SUMMARY Of‘ EARLY HYDRODYNAMIC DATA, SHOT UMBRELLA

Gage R = Radius t = Time of . U = Velocit P = Press R/W /3 -
Number from Bomb Arrival n = velocity = Pressure R/ W = Total Yicld
meters usec m/scc bars meter/ktl/3 kt
11 4.51 16 — — — — —
13 7.15 238 0.30 9.0 x10° 1.0 x10° 1.4 1.25
17 9.00 : 151 0.35  6.98 x 10° 2.2 x10° 6.3 3.4
21 14.20 1,311 0.45  4.87 x 10° 8.5 x 10t 8.3 5.0
23 17.9 2,111 043  4.08 x 10° 5.6 x10% 9.4 6.8
27 23.1 1,951 0.53  3.03x10° 2.45 ¢ 10% 12.0 12.8
29 35.2 7.331 0.5¢ 2.59 x10° 2.14 x 104 12.5 22.0
“ = log |R3/R1; - UL
log (ty/ty} R

followed by numerous small pulses, more pronounced at greater ranges, which may have been
the result of waves reflected or refracted from ground layers deep beneath the ocean bottom.

_In general, the pressure-time records were similar in shape to those from high-explosive tests.
Arrival times of the main shock, cavitation, and ground-wave pulses versus ground range
are shown in Figure 3.9. A weak ground wave was found at all but the 473-foot station. Cavita-

tion pulses were also found at all but the 473-foot station; however, at ranges inside 1,700 feet
identification was difficult because of the presence of many small amplitude pulses. Figure 3.9
shows the main shock arrived at greater time intervals after the ground wave as ranges increased.
The cavitation pulse appeared first about 500 msec after detonation, approximately 2,000 feet
from surface zero, and propagated away in both directions. At ranges beyond 3,000 feet, the
cavitation pulse appeared within a few milliseconds after the main shock.

Selected b-c gage peak pressures versus distance are plotted in Figure 3.10. The large var-
iations in pressure observed from Operation Crossroads ball-crusher results were not found.
For the first 70 to 80 feet down, pressures, with a few exceptions, were essentially constant.
Below 70 to 80 feet, pressures decreased with depth. Pressures at the deepest gages, 130 feet,
were 15 to 23 percent less than those near the surface. Readings at like depths and ranges
showed a scatter of 10 to 15 percent.

Selected ept and mpt gage peak overpressures versus distance are plotted in Figure 3.11.
Ept gage pressures from 25 feet down to mid-depth, 60 to 80 feet, were fairly constant at all
stations. Ten-foot-deep ept gages at all stations recorded pressures lower than gages below.
Below mid-depth, peak pressures decreased with depth at most ept stations. Shallowest mpt
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gages were at 17 feet; one only of three showed a lower pressure than mid-depth readings.
Most mpt stations showed the decrease in pressure in the bottom half of the string found on
b-c and mpt results. :

Figure 3.12 shows shock-wave durations as a function of distance, as measured on ept rec-
ords. Duration increased regularly with depth and decreased with range.

Peak overpressures from mid-depth ept gages are compared with predictions and cube root
scaled Baker b-c results in Figure 3.13. Plotted circles, values which were predicted by NOL
for a 10-kt radiochemical yield under Umbrella conditions, are seen to be in excellent agree-
ment with results.

In summary, Umbrella p-t and b-c gages from 473 to 7,900 feet from surface zero, at depths
from 10 to 130 feet, recorded peak pressures ranging irom 19 to 9,640 psi. Peak pressures at
mid-depths were in agreemént with predictions. Pressures decreased with depth in the lower
half of the lagoon. A weak ground wave preceding the main pulse was observed on almost all
records. Main shock durations at 70-foot depths decreased with range from about ten milli-
seconds at 474 feet to fractions of a millisecond beyond 5,000-foot range. Shock wave durations
increased regularly with depth. A second pulse, due to cavitation, was observed at all but the
474-foot station. This pulse appeared first near 1,900-foot range and then moved toward and
away from surface zero. Maximum cavitation pressure recorded was 314 psi, at 1,900-foot
ranges.

3.2.4 Visible Surface Phenomena. Main military interest in water thrown up by an under-
water burst is in the role it plays in spreading radioactive contaminants. The cauliflower cloud
from a shallow burst may be the source of high energy initial gamma radiation. Clouds and
base surge may transport contaminants downwind for several miles. It is important, therefore,
that the source of these phenomena be understood and that reliable scaling laws be established.
Most of existing theory and scaling laws for slicks, water columns, plumes, fallout, base surge,
and foam rings are based on high-explosive data. The limited nuclear data which was available
from Shot Baker of Operation Crossroads exhibited some pronounced differences from high-
explosive results, so extrapolation of high-explosive-developed equations to the nuclear situa-
tion was uncertain. NOL accordingly undertook, with photographic support from Edgerton,
Germeshausen and Grier (EG&G), to document the formation, growth, and dissipation of the
visible surface phenomena of Shot Umbrella with the objective of improving existing scaling
techniques. As on Shot Wahoo, visible surface phenomena were recorded by timed technical
photography from four surface stations and four airecraft.

Results. From the air, subsurface luminosity was visible within two or three millisec-
onds after detonation and lasted about 10 milliseconds. An expanding white circular patch with
dark fringe became visible about 15 milliseconds after detonation. The white patch was the spray
thrown up by the impact of the direct shock wave, and the dark fringe, or slick, was the inter-
section of the direct-shock wave with the air-water surface. The dark fringe was visible out to
a radius of 2,200 feet. At about 0.5 second, spray, believed to have been thrown up by the cav-
itation pulses, began to form with a radius of approximately 1,800 feet. This annulus of spray
grew inwardly and merged at 1.01 seconds with the inner, solidly white, spray area at a radius
of about 1,300 feet, forming a solid white patch with a radius of approximately 1,800 feet.

Viewed from the surface, the first effect seen was the air shock wave; this was visible for
80 to 100 msec. A bell-shaped dome of spray then began to form. Three stages of development
of water throwout are shown in Figure 3.14. During a few tenths of a second, the bell-shaped
dome was transformed into a vertical plume formation. Driven rapidly upward by expanding
steam generated by the burst, the top of the plume formation reached 3,500 feet at 5 seconds,
5,000 feet at 10 seconds. and a maximum height of 5,800 feet at 25 seconds after surface zero
time.
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Figure 3.14 Development of throwout, Shot Umbrella.
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First indication of base surge was seen about 13 seconds after surface zero time. The surge
was roughly circular in shape but not smooth in outline. By 42 seconds, it was 5,000 feet down-
wind and 3,400 feet upwind (Figure 3.15) and appeared as an outward moving elliptical ring. At
25 minutes, the longest available record, the surge was still visible as a well defined toroidal
cloud.

In crosswind direction, base surge progressed outward at average radial velocity of 55 knots
from 20 to 40 seconds, 21 knots from 40 to 120 seconds, and 9 knots from 2 to 5 minutes after
surface zero time. By 7 minutes after surface zero time, the dynamic stage of base-surge ex-
pansion appeared to have ended, with a crosswind radius of some 9,700 feet having been attained.
This was followed by a further, very gradual, expansion by turbulent diffusion.

The height of the surge cloud increased steadily; at 20 seconds after surface zero time, high-
est parts were at 500 feet, at 40 seconds at 900 feet, and at 75 seconds at 1,850 feet.

Since most of the plume formation falls back into the water rather than into a surge formation,
the extent of this fallout was of interest. Visible fallout was observed to extend some 1,000 to
1,500 feet upwind and crosswind of surface zero. As the larger drops fell out, the settling cloud
became more and more of a tenuous mist. Fallout mist, distinct from base surge, was visible
until three minutes after surface zero time; visible fallout area extended downwind about 7,000
feet in a path some 2,000 to 3,000 feet wide.

A white circular patch of water shown at the top of Figure 3.15 became visible at surface zero
as the mist cleared and base surge moved out. Patch diameter was about 5,300 feet at 2.5 min-
utes, 7,200 feet at 8 minutes, and 8,300 feet at 23 minutes. It was still clearly visible in the
last picture taken at 25 minutes, probably because of suspension of considerable amounts of pul-
verized bottom material in the water.

3.2.5 Air Overpressures. Military interest in air blast from an underwater shot stemmed
primarily from the potential use of aircraft for atomic attacks against submarines. Shot Baker
of Operation Crossroads provided considerable overpressure data, and a few pressure-versus-
time records were obtained near the level of the target-ship decks. Shot Baker data was insuf-
ficient by itself, however, to check the validity of scaling relationships developed from more
numerous high-explosive test data. It was hoped that comparison of Shot Umbrella underwater
and p-t data would lead to an understanding of the mechanism by which energy is transmitted
across the water-air interface. This knowledge and comparison of nuclear and high-explosive

" data were expected to provide better predictions of air blast from nuclear shots in shallow water.

Experimental Plan. The major NOL effort to measure air blast on underwater shots
was on Shot Umbrella. Ultradyne and mpt gages were mounted on vertical masts rising 15 feet
or more above ship decks, or on horizontal spars extending out from ships. These near-surface
gages were on the DD’s 474 and 593, EC-2, buoy aijlect, and barges a (N d

feet from surface zero. Mpt gages were suspended at 500 and 1,000-foot altitudes from
five balloons moored on the three destroyers, and on tho@iillh anc@iijioot barges. Thirty-
two canisters containing mpt gages were deployed by rockets to altitudes up to 15,000 feet, and
ground ranges to 8,000 feet. Figure 3.16 shows the two rocket-launching stations, DD-592 and
Site Henry, and the photo and radar stations for determining canister positions. Finally, five
rockets launched from the DD-592 provided smoke trails. High-speed photographs were taken
of the shock interaction with the trails, and direction of flow behind the wave front.

Details of the mpt gage are shown in Figure 3.17. Each gage was calibrated dynamically in
a shock tube. Rise times, when critically damped, were found to be 7 msec for 1-psi gages and
3 msec for 5-psi gages. Very little distortion of the applied wave form was found. Also, changes
in gage orientation with respect to the shock wave produced negligible changes in readings for
pressures less than 2 psi.

The overall rocket canister containing the pressure unit and other elements is shown in Fig-
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ure 3.18. The watertight section was to keep the canister afloat. The balloon in the forward
compartment was inflated with CO,, with the explosive valve being set off by a sea switch. The
balloon was used to assist in sighting the canister during recovery operations. An antenna was
attached so that it would be iree of the water when the balloon was inflated. This antenna fed a
UHF locator beacon of approximately sardine-can size, which was located in the instrument
section.

Results. Three LCM’s and one LCU equipped with 2a DUKW were in the impact area by
H + 1 hour and recovered 20 of the 32 rockets deployed. These vessels were assisted by an
L-20, equipped with radio-direction-finder (RDF) gear, and an H-21 helicopter. The majority
of the units were sighted from the air and marked by smoke flares dropped irom the H-21; RDF
equipment was used only to recover one unit. It is believed the missing units were damaged
and sank. The surface craft also recovered the balloon gages from the DD-592. Of the four
other balloons, three were carried away by gusty 35-knot winds prior to shot time, and one
broke away immediately after the shot.

Photographic triangulation on the test was successful, although data has not yet been reduced.

06 First Shock
Second Shock
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Figure 3.19 Three Ultradyne gage records.

Radarscope photography provided by two DER’s failed to show parachute blips until M + 3 min-
utes because of cluttering by strong side-lobe echoes from other surface vessels.

Mpt records on Shot Umbrella showed only one distinct shock pulse. The typical canister
record, which requires correction for fall of the canister, showed slow decay from the peak.
Ultradyne records, Figure 3.19, all showed at least two pressure maxima of about the same
magnitude, spaced about 230 msec apart, and a gradual descent to a negative-pressure mini-
mum between 4 to 7 seconds after zero time.

Peak mpt overpressures shown in Figure 3.20 were almost all low compared to the high-
explosive curves which were based on one-pound charges of TNT fired at scaled depths of 145
feet. High-explosive data were scaled to 10 kt by the cube-root law. Indicated gage positions
shown are based on ballistic data and may be radically changed when photographic data becomes
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available. In contrast, near-surface data compare favorably with predictions from high-explosive
data, as seen from Figure 3.21. The predictions themselves involved extrapolations, since very
low height high-explosive data were not available. Therefore, any conciusion that underwater
chemical and nuclear explosions are completely equivalent in producing air-blast should be
viewed with caution.

3.2.6 Water Waves. An objective on Shot Umbrella was to document water waves and inunda-
tion of nearby islands. Shot Baker of Operation Crossroads had provided the only available data
from an underwater nuclear shot in shallow water. Considerable data was available from barge
shots near the water surface and high-explosive shots.

Experimental Plan. Wave-measuring stations are shown in Figure 3.22. The three
self-recording gages (turtles) placed on the lagoon bottom at ranges of 1,350 to 1,750 from sur-

TABLE 3.3 SUMMARY OF FIRST WAVE DATA, SHOT UMBRELLA

Depth of device submergence = 150 ft. Preliminary yield = 10 kt.

Hy _ fd\*
=% = ( “ , where, d = Water depth, ft.
s di H = Height of first crest to {ollowing trough, ft.
.. Range from  First Crest First Trough First Wave  Depth Wave Height*  Time of First
Station Surface Zero Height Depth Height of Water Water Depth Crest Arrival
ft ft ft ft 33 150 ft min:sce
163.02 +10.0 ~-17.7 27.7 152 27.7 21
163.01 +11.0 —-12.5 23.5 162.2 23.35 :27
163.03 +10.7 -11.0 21.7 154.8 21.7 21
160.01 + 4.7 -5.1 9.8 G+.9 7.9 43
DD 593t +3.0 -2.0 5.0 114.0 4.7 1:42
Project 6.8 No. 1 +2.3 -3.8 6.1 140.0 15.1 1:58
Project 6.3 No. 2 — — —_ 145.0 —_ 4:51
Project 6.8 No. 3 +1.1 -1.9 3.0 132.0 3.0 9:58
160.02 +0.59 -1.12 1.7 $4.3 1.2 12:57

* \Wave heights from the various depths of measurement were adjusted to common water depth of 150 ft hy
Green's

+ Amplitude data subject to revision upon further analyvsis.
face zero consisted of bourdon tubes which moved a stylus over clock-driven smoked-aluminum
disks. The recording unit was shock mounted within a high-pressure steel case, which was em-
bedded in a 1,000-pound-lead fairing for locational stability. Instrumentation other than the tur-
tles was identical to that used on Shot Wahoo and described in Section 2.2.6.

Results. The thoee bottom turtle pressure records are shown in Figure 3.21. These and
other subsurface pressure records have not been corrected for gage depth and wave period;
actual wave heights at the surface may be about 25 percent higher for 150-foot-depth measure-
ments. The initial disturbance shown in Figure 3.23 was a crest which arrived at the 1,750-foot
station first, indicating considerable wave asymmetry. First crest heights at the two stations
near 1,700 feet were essentially the same, as were first trough depths. In fact, there was con-
siderable similarity between all three récords.

Data on the first wave at each measurement station is tabulated in Table 3.3. A wave record
from the MKk VIII wave recorder, Station 160.01,.is shown in Figure 3.24. At thi oot
range, the second crest had started to gain prominence.  Pitch and yaw records from the DD-593,

-oot range (also shown on Figure 3.24) indicated the second crest was the highest. Inspec-
tion of other records indicates the highest wave shifted progressively to later crests with increas-
ing distance from surface zero. At the southwest end of Site Fred, 40,450-foot range, the fifth
crest was the highest.

Postshot survey of islands to the south of the shot showed that inundation was negligible and
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generally less than that which occurs with high tides. It appears the shoal area adjacent to the
islands effectively shielded them from inundation. Photographs indicate the waves broke between
2,000 to 3,000 feet from the Site Henry shore line. Breaking was not continuous along the advanc-
ing wave front, and it appears first breaking was initiated by coral heads in advance of the shoal
area.

3.3 NUCLEAR RADIATION EFFECTS

3.3.1 General. The Nuclear Radiation and Effects Program had basically the same objectives
and participation during Shot Umbrella as it had during Shot Wahoo. The general purpose of the
three nuclear-radiation projects was again to document the gross-gamma-free fields about the
point of burst, to measure the consequent dose rates and dosages generated on destroyer-type
target ships, and to evaluate the hazard generated by the ingress of the resultant contaminant
into the interior of these ships. Although certain modifications were made as the result of ex-
perience gained on Shot Wahoo, these modifications were generally minor in nature and were
primarily concerned with improving instrumentation reliability and obtaining more complete in-
strumentation coverage of critical areas.

3.3.2 Objectives. The specific objectives of the nuclear radiation projects for Shot Umbrella
were the same as those presented in Section 2.3.2 for Shot Wahoo.

Although the project objectives were identical for both shots, the results to be obtained were
not expected to be the same because of the inherent differences in shot conditions. Shot Wahoo
simulated a deep underwater burst on the open sea, while Shot Umbrella was to approximate a
bottom burst in relatively shallow water.

3.3.3 Background. Since less than two months separated Shots Umbrella and Wahoo, the state
of knowledge pertaining to underwater-shot nuclear-radiation effects was essentially the same as
it had been prior to Shot Wahoo. Little data had been reduced from the first shot by the time pre-
parations were essentially complete for Shot Umbrella. Furthermore, the differences between
Shots Wahoo and Umbrella were of such a nature that the results of one would probably give no
sound basis for predicting the effects of the other. Therefore, both shots were required on the
basis of obtaining extensive and detailed information for operational analysis of a deep-water,
open-sea-type burst and a shallow-water bottom-type burst.

Although some gamma-field data was obtained during Operation Crossroads (References 15
and 16) on a shallow lagoon shot, the available pre-Hardtack information was fragmentary and
insufficient for accomplishment of a satisfactory operational analysis. Any projections of gamma-
dose contours from pre-Hardtack data would have been unreliable. The specific information,
therefore, required from Shot Umbrella was the documentation of: (1) the various radiation sources
generated by an underwater detonation on the bottom of a lagoon, including remote, enveloping or
surrounding, and shipboard sources; (2) the attenuation afforded by ship’s structures and machin-
ery; and (3) the ingress of contamination into the ship’s interior and resultant radiological haz-
ards incident thereto.

3.3.4 Experimental Method. The experimental method for Shot Umbrella was essentially the'
same as for Shot Wahoo, with minor modifications dictated by experience gained from Shot Wahoo.
A mechanical safety was installed on each coracle to prevent accidental activation of the instru-
ments during timing-signal dry runs. More-accurate data concerning preshot and postshot in-
strument positions were obtained by using radar positioning on Shot Umbrella, instead of the
photomosaic mapping used on Shot Wahoo. Helicopter recovery of floating film packs was also
developed and utilized, thereby greatly improving the recovery probability of those instruments.
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Because of the relatively short duration of the gamma radiation phenomena on Wahoo compared
to the recording time on the GITR’s, it was decided to manually activate the shipboard GITR’s
upon evacuation of the ships before the shot. This provided additional reliability, in that no de-
pendence was placed on radio-timing signals.

Documentation of the Gross Gamma Fields (Project 2.3). As in Shot Wahoo,
the primary-documentation of the gamma fields generated by Shot Umbrella was accomplished by
the use of the GITR and high-range, high-time resolution recorders described in Section 2.3.4.
These instruments were located at 26 coracle stations and on the major target ships. The use of
coracles had proven highly successful on Shot Wahoo, and the number of coracles used was in-
creased by five for Shot Umbrella in order to obtain more complete instrument coverage of crit-
ical areas. This increased coverage was permitted through use of coracles which had been re-
tained as spares. :

Twenty-one coracles were moored inside the lagoon by standard Naval techniques at depths
less than 30 fathoms, while the other five coracles were deep moored outside the lagoon in a
manner identical to that used for Shot Wahoo. After the last timing-signal dry run and before
evacuation, all coracles were manually armed. The coracle instrumentation was activated by
radio-timing signals just prior to the event. '

The time-dependent measurements were again supplemented with total-dose measurements
made with NBS film-pack dosimeters. The film packs were distributed throughout the target
array on coracles, as floating film packs (FFP), and at various positions aboard the three
target destroyers and the EC-2. The FFP’s placed inside the lagoon prior to the shot were an-
chored in place, while those in deep water were free floating as they had been for Shot Wahoo.
Self-anchoring FFP’s were also air dropped into the array after the shot. To achieve a more
complete recovery of the FFP’s than that achieved on Shot Wahoo, helicopter recovery was uti-
lized. This proved to be a highly successful recovery method and a high percentage of the Shot
Umbrella FFP’s were recovered.

Fallout samples were again taken by means of incremental collectors (IC) located on the cor-
acles and ships.

The Shot Umbrella instrument array included 26 coracle stations, the three target destroyers
and the EC-~2, and approximately 70 FFP’s distributed throughout the array.

Following the detonation, all instrumentation was recovered as early as radiological and op-
erational conditions permitted. In contrast to Shot Wahoo, the FFP’s for Shot Umbrella were
located by radar before and after the shot, and as has previously been noted, recovery was ac-
complished by helicopters.

Documentation of Shipboard Radiation. The instrumentation for the measure-
ment of shipboard gamma-radiation fields was essentially the same as for Shot Wahoo. The
gamma-radiation-dose rates and doses aboard the three target destroyers were measured by
GITR’s and NBS film packs, respectively, at locations representing major battle stations. Un-
shielded detectors were again located on weather decks and in several compartments to obtain
total-radiation fields at these locations. A directionally-shielded detector was located on the fan-
tail of each destroyer to measure remote-source (transit) radiation. Another detector was sus-
pended underwater beneath the fantail of each destroyer to measure radiation in the nearby water.
Figure 3.25 presents the location of GITR detector stations aboard the destroyers.

To provide early-decay information, a fallout collector connected to a fully shielded (6-inch
lead) GITR was employed. This installation was on the DD-592 only.

The GITR’s were started manually at H-~ 3 hours. All recorders had at least a 12-hour run-
ning time, at which time they shut off automatically as their recording tape ran out. As soon
after as was feasible, the record tapes and film badges were recovered and processed for data
reduction.

Contamination Ingress Documentation. For the purpose of evaluating the inhala-
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tion and external gamma-radiation hazards from contamination ingress into a ship’s interior, the
DD-592 was again instrumented with GITR’s, incremental air samplers, total air samplers, and
surface samplers. As before, guinea pigs and mice were used for inhalation studies. Test spaces
represented or simulated stations that would be manned under general quarters. The ventilation
system was maintained at 20 percent of rated air flow to simulate a blowers-off condition, where-
in the only air flow would be due to the movement of the ship. Full-power air flow was main-
tained through :he unfired boiler to represent maximum operation of the boiler system. Instru-
ment locations are shown in Figure 3.26.

The washdown system, activated before shot time, washed the entire weather surfaces of the
ship, with the exception of an instrument platform above the forward gun director. This gun-
director instrumentation was to provide data on the basic weatherside phenomena, while the wash-
down system was to minimize the effect of deposited radioactive debris on the shipboard gamma-
radiation measurements.

Consistent with radiological safety, the animals and collected samples were recovered as
soon after the detonation as possible. Following recovery, the animals were sacrificed on a
predetermined schedule, and tissue counts made. The air and surface samples were counted
as soon a< they were received at the project-counting facility. GITR tapes were recovered after
instrument run down.

3.3.5 Results and Discussion. After inspection of the partially reduced data, it was estimated
that approximately 78 percent of the maximum possible data was recovered from the coracle and
FFP array. Aboard the ships, satisfactory data was obtained on shipboard radiation and con-
tamination ingress from all the instrumented ships.

Gamma Field Documentation. As in Shot Wahoo, no gamma radiation was observed
at the time of venting of the shot bubble. A typical gamma trace is shown in Figure 3.27. In-
spection of this trace revealed that, for about the first 30 seconds after detonation, no gamma
radiation was observed at a station located approximately one-half mile downwind from surface
zero, indicating that direct gamma radiation, either from the nuclear reaction or from shine
directlv from the water column or plumes, was either extremely low or completely non-existent.
As on Shot Wahoo, the dose-rate peak became apparent at the time that the base surge reached
a particular location, usually within a minute at stations out to one mile from surface zero. In
this respect Shots Wahoo and Umbrella show marked similarity. - However, it should be noted
that, whereas Shot Wahoo produced many successive dose-rate peaks following the initial arri-
val of the base surge, Shot Umbrella produced basically one peak, after which the activity rap-
idly decreased, essentially to zero. For close-in stations, the Shot Umbrella dose rates appeared
to be somewhat higher than the Shot Wahoo dose rates, but the total dose was somewhat lower.
This is understandable because of the longer duration of the radiation phenomena for Shot Wahoo.
A map of the Shot Umbrella array, showing the total dose received at various stations within one
minute after detonation, is shown in Figure 3.28. The use of a one-minute dose is arbitrary in
view of the continuity of the contributing event. However, at stations within a half mile, most
of the total dose was received within one minute. At all points of observation, the free-field
gamma activity was over about 17 minutes after zero time.

The outermost instrument location was over four miles from surface zero, and at that point
the total dose received was of the order of 30 r."*

Although the difference in the gamma traces of Shots Wahoo and Umbrella indicate dissimilar
mechanisms of cloud formation, both shots indicated that surface winds are the primary means
of transport of the radioactive cloud at distances greater than 7,000 feet. At distances less than
7,000 feet, the Shot Umbrella cloud appeared to move radially outward from surface zero at ap-
proximately 100 ft/sec, as had been observed on Shot Wahoo.

Incremental Sampling of Deposited Debris. The collection of samples of ra-
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Flgure 3.28 Map of Umbrella array showing doses received at coracle (and SIO skiff)
stations within one minute after shot time.
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dioactive debris deposited on coracle and ship surfaces was repeated on Shot Umbrella. As be-
fore, the collected samples were to have been used to correct the GITR readings if the dose-rate
contribution to the measured total-dose rate was found to be significant. The deposited debris-
dose rate proved to be negligible, and the collected samples were used to study the deposit of
activity throughout the array and to obtain decay data. As on Shot Wahoo, the period of deposi-
tion was found to be short in the upwind and crosswind directicns. Unlike Shot Wahoo, however,
a single peak in deposition rate was found at practically all stations, and no deposition period
exceeded 7 minutes.

Shipboard Gamma-Radiation Fields. Gamma traces recorded on the weather
decks of the target ships again compared favorably with those dose-rate traces obtained on
nearby coracles. A significant rise in gamma activity occurred from 30 seconds to one minute
after zero time, again indicating the arrival of the highly radioactive base surge.

The salient feature of the total dose curves (Figure 3.29) shows the rapid accululation of es-
sentially the complete dose. For example, it is observed that the total dose of over 700 r was
accumulated on the weather deck of DD-474 within one minute after detonation. This ship was
located abou-feet from surface zero. Comparison of Shot Wahoo (Figure 2.35) presented
in Section 2.3.5 with the previously mentioned Figure 3.29 shows a faster build-up but smaller
accumulation of dose on DD-5$3 after Shot Umbrella. The DD-593 was locate feet down-
wind from surface zero on Shot Wahoo an-eet downwind from surface zero on Shot Um-
brella.

The shipboard washdown systems were operating throughout the time of passage of the air-
borne debris, thus greatly reducing the probability of the instruments’ being affected significantly
by deposited contamination. ‘

. The influence of the superstructure on external radiation fields is demonstrated by comparison
of the total dose measured and estimated solid angle of cloud subtended at film pack locations as
shown in Figure 3.30. It can be seen that the superstructure definitely modifies the free-field
doses and dose rates at different locations on the weather deck. As indicated by this comparison,
the modification appears to be dependent on the cloud solid angle seen at each position. ’

Below decks, the gamma radiation was attenuated to varying degrees, depending on the specific
location. In all cases, locations anywhere except on the main deck afforded some degree of pro-
tection from radiation, while the best protection was offered at locations below the waterline.
Table 3.4 shows the doses received at film-badge locations on each ship for Shot Umbrella. The
Shot Wahoo doses are also presented for comparison purposes. It is obvious from inspection of
this table that the doses received from Shot Umbrella were much less than those for Shot Wahoo,
and in each case the corresponding ship was closer to surface zero in Shot Umbrella than it was
in Shot Wahoo. Approximate exposure distances are given below:

Target Ship Shot Wahoo Shot Umbrella
feet feet
DD-474
DD-592
DD-593

For comparison, it might be noted that the DD-474 on Shot Wahoo was approximately the same
distance from surface zero as was DD-592 on Shot Umbrella. In contrast to Shot Wahoo, where
the main-deck dose of the DD-474 at a distance o feet was 1,000 r, the main-deck dose on
the DD-592 located a-feet for Shot Umbrella was only 430 r.

It can also be observed from Table 3.4 that the main-deck dose on the DD-474 at less than one
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half mile for Shot Umbrella was comparable to that measured on the DD-593 located at a distance
of approximately one and one half miles for Shot Wahoo.

Shipboard Transit and Contaminated Water Radiation Fields. By compar-
ing Figures 3.31 and 3.32, it is seen that the transit-radiation source is the only significant radia-
tion source. Total gamma-dose rates (Figure 3.31), including those from transit sources and

TABLE 3.4 AVERAGE 24-HOUR GAMMA DOSES ABOARD TARGET SHIPS BASED
UPON FILM-BADGE DATA

¢ A Shot Wahoo Shot Umbrella
Compartment or Are2  §E 7 DD592  DD593 DD-474 DD$92 DD-593
r r r r r T
Above Waterline, 33 ft
Bridge Complex 610 420 180 310 220 28
Above Waterline, 11 to 16 ft )
Forward Quarters - 650 420 160 300 190 26
Radio Central 580 400 150 " 230 180 23
Galley 730 460 200 300 270 35
Main Deck 1,000 630 340 360 430 57
Crew’s Washroom 730 500 170 260 290 31
Above Waterline, 2 to 4 ft '
Crew’s Mess 400 210 72 160 87 13
Forward Fire Room 290 170 67 140 90 14
Forward Engine Room 230 110 45 89 100 12
Aft Fire Room —_ 180 —_ —_ 96 —_
Aft Enginc Room . —_ 170 — — 110 —
Aft Quarters 590 370 140 220 210 28
Steering Gear Room 490 300 98 180 210 23

Beiow Waterline, 3 to 6 ft

Magazine : 310 210 65 160 81 12
Forward Fire Room 110 37 19 41 19 2.6
Forward Engine Room 76 29 10 17 12 1.9
Aft Fire Room — 54 — —_— 22 _
Aft Engine Room —_ 66 — — 39 —_

deposit sources, are hardly distinguishable from dose rates due to transit sources alone (Figure
3.32). The curves could virtually be superimposed on one another within the limits of accuracy
of the as yet incomplete data.

Because the ships’ washdown systems were operating, it could be surmised that the washdown
systems were highly effective in removing deposit sources from the ship before they could con-
tribute significantly to the total gamma dose. However, film-pack dose data from stations above
the washdown area show approximately the same results as those in the washdown area, thereby
indicating that a high percentage of the total dose was due to remote-source radiation.

Attempts to measure radiation in adjacent water met with little success. Underwater detectors
were submerged off the fantail of each target destroyer at the time of evacuation. The instru-
ments on DD-474 and DD-592, however, were damaged by shock before any data was recorded.
Therefore, data was obtained from DD-593 only. Figure 3.33 presents the results, which may
be slightly overestimated because of arbitrary corrections made for shielding and geometry.
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The first two series of peaks are probably due to fallout, while the peaks after six hours are
likely caused by the contaminated water drifting past the ship. The low dose rates measured
appear to be of little significance.

Shipboard Fallout Gamma Decay. Figure 3.34 shows the curve for gamma-
ionization decay of a debris sample collected in a six-inch-thick lead cave on DD-592 after Shot
Umbrella. It is seen that a smooth plot was obtained when deck-dose rates were subtracted
from the fallout-dose rates. Later times than those shown in the figure yielded the following
results: from 8 to 11.5 hours after shot time the slope of the decay curve was —0.61, and from
23.2 to 34.8 hours the slope of the decay curve was — 1.46. »

Inhalation Hazards Due to Ingress of Contaminants. For Shot Umbrella,
contamination hazards were again studied aboard DD-592, which was located 3,000 feet from
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Figure 3.33 Gamma dose rates in water below DD-593 after Shot Umbrella.
Detector was submerged 15 feet below water surface.

surface zero. Mice and guinea pigs were exposed at various locations aboard the ship and sub-
sequently sacrificed on a predetermined schedule.

At unprotected weatherside locations, zero to 50 hour internal doses received by the mice
were about six rads, as compared to about one rad sustained internally by the guinea pigs. All
zero to 50 hour internal doses sustained at interior locations were 0.9 rad or less.

It is interesting to note that the internal doses received from Shot Umbrella were much less
than those received from Shot Wahoo, even though the target ship was located closer to surface
zero for this event. It may have been that the ventilation system, which operated at 20 percent
of rated air flow for Shot Umbrella, scavenged the compartments of some of the contaminated
air after passage of the base surge. All Shot Umbrella doses were lower than those sustained
during Shot Wahoo, including those internal doses received at unprotected weatherside locations.

External Gamma Radiation Due to Ingress of Contaminants. External
radiation due to ingress of contaminants was estimated from the sum of the radiation from air-
borne activity and the radiation from deposited activity within various compartments aboard the
DD-592. At ten minutes after zero time, the following dose rates were recorded: galley, 17
r/hr; aft fireroom, 6.2 r/hr; aft engine room, 12 r/hr; aft crew’s quarters, 24 r/hr. At H+2
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hours, the dose rates had decayed to 0.8 r/hr, 0.12 r/hr, 0.03 r/hr, and 0.04 r/hr in the res-
pective compartments. By comparing these dose rates with the total dose rates discussed in
Section 3.3.5, it is readily seen that contamination ingress does not contribute significantly to
the total external gamma-dose rates as recorded in the same compartments.

Particle Size Distribution of Contaminants. While the incremental air samp-
ler did not function to yield time-dependent particle-size information, the percentage of contam-
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Figure 3.34 Gamma-ionization decay of contaminant collected in 6-inch-thick
lead cave on DD-592 after Shot Umbrella, values corrected for background.

inants passing the filters indicated that most of the particles were below one micron in size, in
the total air samples obtained. It can be seen that the contaminant was readily air-borne and

in the respirable-size range.

3.3.6 Conclusions. As was the case during Shot Wahoo, the primary radiation from Shot Um-
brella was found to be the radiation from the base surge as it passed a particular location. The
intensity and time of arrival of this radiation was dependent on the distance from ground zero,
the nature of the surface winds, and, to some extent, on the nature of the shot. In a shallow-
harbor type burst, similar to Shot Umbrella, there appears to be less transport of the gamma-
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radiation sources than from a deep-water burst. This may be due to the large-size particles
which are picked up from the lagoon bottom by the burst. These relatively large particles ab-
sorbed a great amount of radioactive material and, because of their weight, settled quite rapidly
before they were carried any considerable distance. This would account for the rapid decrease
in activity of the base surge at increasing distances from surface zero. In contrast, Shot Wahoo
picked up no particles from the ocean bottom; therefore, the radioactive material was carried
by the base surge in a suspended state, and settlement of this mist was much slower than if
there had been solid particles contained therein.

Normal sea operations can be resumed after passage of the base surge, which would be with-
in 20 minutes at locations less than four miles from surface zero. During passage of the base
surge, some protection from radiation is afforded at interior locations of a ship, but at distances
less than one half mile the gamma activity from the base surge is so high that even the protec-
tive environment of a ship will not reduce this activity to acceptable levels.

Shipboard-contaminant deposition appears to have contributed little to the total gamma dose,
and this hazard can be all but eliminated by an effective washdown system on all weather surfaces.
Contamination ingress is not particularly important as a contributor to the total gamma dose be-
low decks, but this ingress acquires some significance when inhalation hazards are considered.
Particle sizing information revealed that most of the ingress particulate could be easily inhaled.
The internal exposure at all animal stations below decks was 0.9 rad or less, in the first 50 hours
after the shot. Above decks, the internal exposure reached six rads for mice and one rad for
guinea pigs during the same period.

Gamma doses in excess of 100 r will be sustained in the open at distances less than about two
miles downwind from surface zero. Because the surface winds appear to be the primary mech-
anism of transport of the base surge at distance greater than about 7,000 feet, the 100-r dose
distance will probably be substantially reduced in the upwind direction. A study of the downwind
gamma records would indicate a tentative conclusion that a downwind distance of approximately
23,000 to 28,000 feet from surface zero should be maintained in order to assure a total free-field
dose of less than 25 r.

3.4 SHIP RESPONSE AND DAMAGE STUDIES

3.4.1 Introduction. The general need for a re-evaluation of ship response and damage pred-
icability for underwater nuclear explosions, to give required answers to questions of the safe )
range for delivery of such nuclear weapons by surface ships and submarines, has been discussed
in Section 2.4.1.

The Shot Umbrella geometry, a nuclear shot detonated on the ocean bottom in relatively shal-
low water (i.e., 148-foot depth), represented an operationally important environment. Many im-
portant strategic areas,such as the North American continental shelf, the European North Sea
approach, etc., are of approximately this same water depth. Thus, information regarding safe
ranges for delivery of nuclear weapons in such water configurations was also vitally required.

Previous small scale underwater high-explosive tests and theory predicted that pressure pulses
for this shallow water geometry would be markedly different from the deep-water case. The close-
ness of both the air-water surface interface and the sea-bottom-reflection boundaries for the shal-
low water burst geometry influenced the pressure histories to such an extent as to make theoretical
and small scale high-explosive treatment quite complex and difficult. Therefore, the full-scale
pressure pulses from a nuclear detonation as predicated by theory and small-scale high-explosive
tests were subject to much question.

These uncertainties in the prediction of the underwater free-field pressures for a shallow
water shot made predictions of ship damage ranges doubly uncertain. Surface ship and submarine
responses to the complex shallow water pressure pulses could not be readily extrapolated from
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the deep-water case, i.e. Shot Wahoo geometry, even if the actual pressure pulses could be pre-
dicted. : -

Shot Baker of Operation Crossroads was the only prior underwater nuclear detonation in this
shallow environment, but that detonation was at mid-depth in a 180-foot depth of water and, as dis-
cussed in Section 3.1, left many questions to be answered.

In addition to the safe-delivery problem of nuclear weapons by surface ships or submarines
in shallow water, the submarine lethality ranges in shallow water were uncertain. Submarine-
lethality predictions for the very-deep-water-geometry case were verified on Operation Wigwam.
However, theory was inadequate to reliably extrapolate the lethality ranges to a submarine huil
in shallow water. _

Of the submarine hull-lethality prediction methods proposed and available, the so-called ex-
cess impulse method appeared to be the most promising. The excess impulse is defined as the
impulse delivered by that portion of the shock overpressure which is in excess of the static hull-
collapse pressure minus the hydrostatic pressure. The applicability of this method is partly
theoretical and partly intuitive. It is reasoned that some amount of excess impulse is needed
to collapse a submarine hull, the exact value of which is not overly critical since the variation
of excess impulse with range is quite rapid. Therefore, it would be expected that with any rea-
sonable assumed value, the range computed should be within the other uncertainties inherent to
the problem. As an example, one value of excess impulse which has been used to define lethal-
ity for a submarine-like model, the Squaw, is 2.5 psi-sec. - Such value is intended to indicate
the range where there is a 50 percent probability the submarine will be lethally damaged.

However promising the excess-impulse method appeared for submarine lethality predictions,
differing opinions existed on the applicability of its concept, especially with the very short-
duration pressure pulses. Therefore, to provide a check point for submarine lethality predic-
tions in shallow water, it was considered necessary to place a submarine-like model, the Squaw,
target at a range predicted to be near-lethal to assess the reliability of the prediction methods.
The shallow-water depth was such that it would also be possible to retrieve the damaged Squaw
subsequent to the shot for study of the mode of failure.

Therefore, the shallow water event, Shot Umbrella, was required to determine both the safe
ranges for surface ships and submarine delivery of underwater nuclear weapons and the lethal-
ity range for submarines in shallow water. Shot Umbrella simulated the firing of an antisub-
marine nuclear depth charge or torpedo in waters of depth representative of our North American
continental shelf and other strategically important areas. It was intended that the answers ob-
tained from Shot Umbrella, of course, eventually be such as to cover not only the particular
geometry of this one shallow water shot but other shallow water geometries, other yields,
other types of ships, and other orientations.

The Program 3 effort on Shot Umbrella consisted of three general categories: (1) hull response
and damage studies of surface ships, (2) hull response studies of submarines, and (3) shipboard
machinery and equipment shock damage studies. Each of these categories is described success-
ively in the following sections.

3.4.2 Hull Response and Damage Studies of Surface Ships. Objectives. The objectives
of the hull response and damage studies of surface ships on Shot Umbrella were similar to those
on Shot Wahoo, except that their application was to shallow-water geometries. The objectives
on Shot Umbrella, therefore, were to: (1) determine from the hull-deflection standpoint, the safe-
delivery range for surface-ship delivery of an underwater nuclear weapon in shallow water; (2)
determine from the hull-deflection standpoint, the lethal range for merchant ships attacked by
an underwater nuclear weapon in shallow water; (3) obtain basic information on hull response as
related to free-field pressures and loading measurements in shallow water, so as to provide
check points for mode!l experiments and high-explosive shaped-charge tests.
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Background. The problem of making predictions of response and damage from underwater
nuclear-weapon effects for surfacé-ship hulls under general conditions has been previously dis-
cussed in Section 2.4.3. The increased difficulty in making such predictions when the surface
ship is in relatively shallow water, compared with deep water, has been further discussed in
Section 3.4.1. The closeness of both the air-water surface interface and the ocean-bottom-
reflection boundaries for the shaliow-water burst geometry influence the pressure histories to
such an extent as to make theoretical and small-scale explosive treatment quite complex and

_difficult. : :

Procedure. For the hull response and damage studies on Shot Umbrella the same sur-
face target ships were exposed as for Shot Wahoo, i.e., the DD-593, DD-592, DD-474 and the
EC-2. These ships were located stern-on a-eet, broadside a-ieet, stern-on at

@R <, and broadside ajifect from surface zero, as shown on Figure 3.3. The three
destroyers were the principal targets; the EC-2 was a contingency target for Shot Umbrella.
Since it had sustained only light, rather than lethal hull damage on Shot Wahoo, it was possible
to re-expose the EC-2 on Shot Umbrella. On Shot Umbrella, the EC-2 was exposed with its
port side toward surface zero. On Shot Wahoo, the starboard side was exposed.

The relatively highly instrumented hulls of these four target surface ships included the same
gages and gage-recording equipment for Shot Umbrella that had been previously installed for
Shot Wahoo. The description of this instrumentation has been included in Section 2.4.3. The
only modification was to transfer several of the hull-side-deflection gages in the EC-2 from the
starboard to port side of the ship, since that was the side exposed to the burst on Shot Umbrella.
It was not feasible, however, to similarly reorient the three heavy lead shields for the high-
speed cameras which had been installed to record hull and bulkhead deflections within the EC-2
on Shot Wahoo. On the other hand, the other 40 high-speed cameras installed in the target ships
primarily for the purpose of recording shock damage to machinery and equipment were installed
so that they did function on Shot Umbrella as they had previously on Shot Wahoo. These cameras
are described in Section 3.4.3. In general, all hull instrumentation installed for Shot Wahoo was
also used for Shot Umbrella.

Results. For Shot Umbrella, good quality records of measurements of hull response were
obtained on all instrumented ships. Records on the EC-2 were good quality throughout the time
of chief interest, until passage of the direct shock wave; thereafter, severe mechanical shock
motions of the recording equipment occurred because the recording unit platform went beyond
the motion anticipated and hit bottom on the supporting springs. However, the vital response
information for the EC-2 was obtained. :

A few of the records from the DD-474, DD-592, DD-593 and EC-2 are shown on a compressed
time scale in order to reveal an overall view of the response to underwater phenomena, in Fig-
ures 3.35, 3.36, 3.37, and 3.38. During Shot Umbrella, as shown by these records, the most
significant loading phase, insofar as surface ships were concerned, was the direct shock wave.
It may be noted that the maximum recorded ship-bottom velocity on the DD-474 was about 8
ft/sec; on DD-592 about 4 ft/sec; on DD-593 about 2 ft/sec; and on EC-2 about 13 ft/sec.

The velocities measured over the cross section of the EC-2 hull are shown in Figure 3.39. Note
that the maximum recorded side-frame velocity was about .45 ft/sec, which corresponds to the
maXimum side-frame displacement discussed below. The longitudinal distribution of response
along the length of the DD-474 is illustrated in Figure 3.40.

The response upward through the DD-474 as indicated by a few velocity records at positions
on the forward fireroom bulkhead is shown in Figure 3.41. Note that maximum response at this
bulkhead was about 5 ft/sec at keel and 4 ft/sec at upper-deck levels. However, longer
rise times at the upper-deck levels would greatly reduce acceleration and damage effects by as’
much as a factor of 20 or more. ‘

The vertical displacement of the DD-474 is shown by the records of three gages in Figure
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3.42, which indicate a maximum of about three inches of whole ship vertical bodily motion due
to Shot Umbrella. A maximum vertical bodily motlon of the EC-2 of about six inches is indi-
cated in Figure 3.43.

The hull-damage survey of the EC-2 revealed hull damage characterized as light, similar to
that found after Shot Wahoo. The maximum transient displacement of approximately 4 1/z inches
occurred in the hull vertical side frames, with 2 maximum permanent displacement of about 1Y%,

inches. In the same side area, maximum permanent hull-plating deformations between the side
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Figure 3.41 Response distribution upward along bulkhead,
DD-474, Shot Umbrella.

frames were about ¥ inch. Hairline fracture cracks at various minor locations of the steel hull
deck and superstructure were found. The propeller shaft alley tunnel was further seriously dis-
torted to a maximum of about 12 inches. Other damage was essentially the same as that after
Shot Wahoo; however, previous damage was accentuated. Diver examination of the hull bottom
revealed that most of the hull bottom plating dishes between frames did not exceed 1/2 inch; the
maximum reported was 1 '/z inches in depth. As after Shot Wahoo, minor hull flooding caused
by leaks in the hull was controllable by periodic pumping.

An examination of the hull of the DD-474 revealed no hull damage, dishing, or other hull de-
formation that could be ascribed to Shot Umbrella. However, a slight buckle in the after stack
of the DD-474, bent bulwarks around the aiter-gun tubs, and a slightly buckled mast were pro-
duced by 2 combination of shock and the surface-water wave passage over the stern which faced
the detonation. No hull damage occurred on the DD-592 or DD-593.

Conclusions. The hull responses and damages of the EC-2 and the DD-593, DD-592, and
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DD-474 were about as expected on Shot Umbrella. However, considerable detailed study and
analysis of all data collected is required. The following preliminary conclusions apply to the
hull response and damage studies on surface ships in shallow water. It should be understood
that Shot Umbrella conditions include yield, shot geometries and to a lesser extent, bottom re-

flection and thermal-gradient characteristics for these tests.

1. From the standpoint of hull deflection, a safe-delivery range for destroyers of eet

for Shot Umbrella conditions has been demonstrated. The minimum safe range, from the stand-

point of hull deflections, is considerably smaller than this figure.
2. From the standpoint of hull deflection, it can now be estimated that the lethal range for

the EC-2 idQjfeet under Shot Umbrella conditions.
3. Considerable basic information on hull response as related to free-field pressures and
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Figure 3.42 Vertical displacements on DD-474, Shot Umbrella.

loading measurements was obtained. This has provided check points for small-scale ship model
experiments which confirm developed theories and, upon further analysis, is expected to prove
valuable in extrapolating the results of Shot Umbrella to other conditions. Some of the other
features of this information are given in the additional conclusions below.

4. During Shot Umbrella the direct-shock wave was the principal loading phase for surface
ships within the close ranges of primary interest. Bulk cavitation-reloading effects following
the direct shock wave were much smaller than those due to the direct shock wave itself. Vertical
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velocities associated with the lagoon-bottom induced-pressure waves were negligible.

5. Under side-on attack, the bottom vertical and horizontal velocities are not uniform over
the length of the ship; despite uniformity of loading, velocity response is critically dependent
upon precise location of the structure to which the gage is attached.

6. During Shot Umbrella, vertical velocities measured at the keels of the target ships were
considerably higher than corresponding water-particle velocities. The maximum vertical bot-
tom velocities measured were: EC-2, 13 ft/sec; DD-474, 8 ft/sec; DD-592, 4 it/sec; and
DD-593, 2 ft/sec.

7. The severity of the shock motions in a surface ship diminishes considerably from bottom
to the upper superstructure decks. The damaging initial accelerations can be reduced by a fac-
tor of 20 or more, even though the peak velocities are the same because of the slower rise time
at the higher deck levels.

8. The character of the EC-2 hull damage under Shot Umbrella conditions was similar to
small scale tests on the EC-2 models. The magnitude of side damage may be predicted, there-
fore, with an accuracy sufficient for predicting lethal ranges, on the basis of these small-scale
tests.

3.4.3 Hull Response Studies of Submarines. Objectives. The principal effort of the sub-
marine hull-response studies on Operation Hardtack was on Shot Umbrella. The effort involved
measurement of the loading, strain, deformation, and damage of a submarine-like target, the
Squaw-29, and also of the operating submarine, SSK-3. The objectives were to: (1) determine
the range for lethal damage to a submarine-like (Squaw) target under attack in shallow water by
an antisubmarine nuclear weapon; (2) study the process of hull damage to a submerged target for
correlation with observed underwater phenomena and theory, and (3) determine the response of
the hull of a submarine in a simulated attack position in shallow water.

Background. As previously discussed in Sections 3.4.1 and 2.4.4, Shot Baker of Operation
Crossroads first tested submerged submarines (SS-212 and SS-285 class) exposed to nuclear at-
tacks in shallow water. However, lack of instrumentation on tl}is test made the obtained data
questionable and, therefore,unsuitable for extrapolation to other shallow-water geometries.
Further, the later Shot Wigwam results regarding submarines exposed in very deep water were
not applicable to the shallow-water case. However, the submarine models (Squaws, 4/5 full-
scale SS-563 class submarines in cross sectional dimensions) which were utilized in Operation
Wigwam tests had been quite useful in determining safe ranges for submarines in very deep
water. .

On the other hand, the shallow water case was unique in that the close proximity to the burst
of both the air-water surface interface and the sea-bottom-reflection boundaries introduced
variations so that the prediction of underwater pressure-time histories was very difficult. How-
ever, even if the pressure-time history were known, that alone was insufficient to make an esti-
mate of lethal range because of unknowns in plastic response of submarine hulls. Several theo-
retical methods relating the plastic response of a submarine hull to the short-duration pressure
waves had been proposed, and several empirical rules had been suggested. However, none had
been satisfactorily verified by experiment, particularly for the shallow-water geometry. As
was previously discussed in Section 3.4.1, of the several hypotheses or methods suggested for
determining submarine-hull lethality, the excess-impulse method appeared to be the most prom-
ising. However, opinions differed on the applicability of the excess-impulse concept, especially
with the short duration pulses expected in the shallow-water case.

Thus, there were two difficulties which made theoretical estimates of lethal range of subma-
rines in shallow water uncertain: (1) the variation in underwater pressure versus time was un-
known and (2) the theories of plastic response of submarine hulls had not been confirmed.

By placing a submarine-like model (Squaw) target at a range expected to be near-=lethal in the
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Shot Umbrella geometry, it was expected that the reliability of the lethality-prediction methods
could be assessed. Measurements of hull response of the Squaw during Shot Umbrella were also
considered desirable to record the progress of the damage process. Correlation with the under-
water pressure-time history would cast light on existing theories and serve asa guide for ac-
ceptance or rejection.

The operating submarine, SSK-3, was also to be exposed in a simulated attack position on
Shot Umbrella, at a range expected to be safe for delivery of an underwater nuclear weapon.

Procedure. The Squaw-29 was the only surviving one of three submarine-like (Squaw)
targets previously built for the Operation Wigwam test. Design of the Squaw test sections was
based on the SS-563-class submarine, built on a 4/5 scale in cross section but of shortened
length. The inside diameter of the pressure hull was 14.4 feet; length of pressure hull, 121.5
feet; hull plating, one-inch-high tensile steel with an average yield strength of 60,000 psi; frame
spacing 30 inches; length of each test section, 29 feet. Major items of propulsion machinery in-
side the Squaw were simulated on 4,3 scale by cast-steel weights. These items included the
three main engine generators, 11,900 pounds each, and the two simulated motors, 25,000 pounds
each.

During Shot Umbrella, the Squaw-29 was submerged at periscope depth, located stern-on at
-foot range from surface zero. Submergence was accomplished by remote-control venting
of ballast tanks through hoses connecting the Squaw with associated instrument barge, YFNB-12,
located at-foot range. Weights (clumps) totaling 10 tons were attached to chains hung from
the bow and stern of the Squaw. When the weights rested on the lagoon bottom, the Squaw was
suspended at the proper depth, with a positive buoyancy of about five tons.

The operational submarine SSK-3, without crew aboard, was located bow-on a-foot
range on Shot Umbrella, also submerged to periscope depth. To more realistically simulate an
attack position, two of the four bow torpedo-tube doors were open, one with and one without a
torpedo in position. Submergence for test was accomplished by venting ballast tanks, such that
when weights (clumps) attached to chains from the bow and stern rested on the lagoon bottom,
the SSK-3 was suspended at the proper depth with a positive buoyancy of about 10 tons.

Instrumentation on Squaw-29 was essentially the same as for Operation Wigwam. Deforma-
tions of hull plating and stiffeners at typical locations were measured by 24-strain (SR-4) gages
and four variable-reluctance-displacement gages. The pressure near the hull, as well as inside
the ballast tanks, was measured by 16 piezoelectric-pressure gages. Overall motions of the hull

"and stiffeners were photographed with nine high-speed motion-picture cameras. The 14 roll,
pitch, depth, and flooding gages also recorded those conditions. Figure 3.44 shows principal
locations of gages and cameras on the Squaw. In addition, velocity-meter and shock-spectrum-
recorder gages were installed for the shipboard machinery and equipment-shock studies. Meas-
urements on the Squaw were recorded on oscillographic and magnetic-tape recorders located on
the YFNB barge, after transmission through 850 feet of three special 23/“,—inch diameter multi-
conductor instrument cables from the Squaw to the YFNB-12. The oscillograph recording units
on the YFNB barge were protected from radiation by three-inch-thick lead shields; all recording
units were located on shock-attenuating spring mountings.

Instrumentation on the SSK-3 hull consisted of seven strain gages and three high-speed cam-
eras, which were identical to those installed for Shot Wahoo, as shown in Figure 3.45. The sig-
nals from the gages were recorded on an oscillograph in the submarine. '

Operation of all instruments on both targets was triggered by radio-timing signals. The tim-
ing signals for the Squaw were transmitted to the YFNB-1z. The signals for the SSK-3 were
transmitted to an adjacent YC barge and were then relayed by cable to the submarine.

Results. Instrumentation functioned well on both the Squaw-29 and the SSK-3 during Shot
Umbrella. Squaw hull damage was less than expected; lethal damage to and flooding of the
pressure hull did not occur. However, four of the ten ext\ernal ballast tanks ruptured, and all
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were seriously dished. This resulted in some loss of buoyancy, and complicated resurfacing
the Squaw after the test. Preliminary inspection of the Squaw hull after Shot Umbrella showed
a maximum permanent plastic deformation of the hull plating of 1/4 inch between frames and
one inch local buckling of three internal bulkheads because of hull deformation. As expected.
there was no hull damage to the SSK-~3 from Shot Umbrella.

Pressures recorded near the Squaw are indicated in Figure 3.46. Records of strain from the
reflected shock wave on the Squaw and SSK-3 are shown in Figures 3.47 and 3.48, and the peak
values of strain are shown in Tables 3.5 and 3.6.

The peak recorded free-field pressure near the Squaw was about 1,530 psi a-foot range;
the predicted free-field pressure was 1,600 psi a-foot range. Thus, the actual pressures
were slightly less than predicted. Note the positive pressure duration of about 6 msec. The
peak pressure measured inside the ballast tanks of the Squaw-29 was 1,300 psi. This was twice
the static hull-collapse pressure of 660 psi; after 1 msec this reduced to half of the peak value
then increased tc a value of about 950 psi for about 5 msec. The duration of that portion of the
pressure pulse which exceeds the static collapse pressure was less than 2.5 msec. It is of in-
terest to observe that approximately the same pressure, acting for 10 msec, caused collapse
of a similar Squaw during Operation Wigwam. It appears that the pressure loading on the hull
was too short to cause failure. One prediction was that an excess impulse of 5 psi-sec was re-
quired to collapse a submarine at shallow submergence. The excess impulse in the water near
Squaw-29 was only about 1.3 psi-sec. '

The maximum strains mieasured on the SSK-3 hull during Shot Umbrella were well within the
non-damage range. The highest dynamic strain recorded was 1,160 uin/in, which only approxi-
mates the static yield strength.

A subsequent detailed hull survey of Squaw-29 (in dry-dock) was planned, in order to accu-
rately determine the hull deformations. After detailed comparison of data results with results
of that survey, it is hoped a further understanding of submarine hull collapse and verification of
the submarine hull lethality excess-impulse concept will be possible.

Conclusions. The following are the preliminary conclusions of this submarine hull study
on Shot Umbrella. It should be understood that these conclusions apply to Shot Umbrella condi~
tions. .

1. The range for moderate hull damage to a 4/5-scale-submarine model, the Squaw, i
eet under Shot Umbrella conditions. In order to estimate safe or lethal
ranges for Shot Umbrella conditions, the pressure field must be known and an adequate theory
such as the excess impulse, or another concept correlating the plastic response of a submarine
hull to pressure waves of short duration, must be confirmed or developed.
2. The SSK-3, under Umbrella conditions, a was
shown to be well beyond the minimum safe range for hull damage. ,
3. Strains as large as 13,000 pin/in, which is six times the known yield strain of the plating,
may be sustained without rupture in the hull plating of a Squaw. On the basis of Operation Wig-
’ wam experience, these strains should have produced much larger hull deformations, and this
result will also be further analyzed prior to the final (WT) report.

3.4.4 Shipboard Machinery and Equipment Shock Damage Studies. Objectives. The ob-
jectives of the shipboard machinery and equipment shock-damage studies on Shot Umbrella were
similar to those on Shot Wahoo, except that their application was to shallow-water geometries.
The objectives on Shot Umbrella, therefore, were to: (1) determine safe ranges and moderate
damages for delivery of antisubmarine nuclear weapons by destroyers in shallow water, from
the standpoint of shock damage to machinery and equipment important to combat capability;

(2) determine safe ranges for delivery of antisubmarine nuclear weapons by submarines in shal-
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low water, from the standpoint of shock damage to machinery and equipment important to com-
bat capability; and {3) determine the intensity and shock-motion data on ships’ machinery, equip-
ment, and foundations for correlation with free-field phenomena, hull loading, and theories so
that results of a nuclear test in shallow water could be extrapolated to other burst geometries
and ships. .

Background. The problem of making predictions of shock response and damage to ship-

i~ 1530 psi

Position P, Bow

\

HSOpsi

Position P2, Tank 2,Stbd Bottom

920psi

Position P4, Tonk 2, Port Bottom

1300psi

Position P6, Tank 3, Stbd Bottom

950psi — |

Position P8, Tank3, Port Bottom

, 10 msec

Figure 3.46 Pressures measured under the bow and near the bottom
of the ballast tanks in Squaw-29 during Shot Umbrella.

board machinery and equipment from underwater nuclear weapon effects has been previously
discussed in Section 2.4.5. The increased difficulty in making such predictions when the ship
is in relatively shallow water compared with deep water has been further discussed in Section
3.4.1. The closeness of the burst to both the air-water surface interface and ocean bottom re-
flection boundaries for the shallow water geometry influences the pressure histories to such an
extent as to make theoretical and small-scale explosive treatment quite complex and difficult.

As has been previously discussed, previous underwater nuclear detonations and high-explosive
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tests have left many questions unanswered. Furthermore, existing data with which to correlate
a given response from such'a nuclear detonation in shallow water, with a given amount of dam-
age, was still lacking. To permit improved shock-hardening design of future ships’ machinery
and equipment, such response data was urgently required.

It had become clear, therefore, that a full-scale nuclear underwater test in shallow water
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Figure 3.48 Oscillogram of direct shock wave on the USS Bonita (SSK-3)
for Shot Umbrella.

was required to gather the necessary data on response and damage to ships’ machinery and
equipment.

Procedures. For the shipboard machinery and equipment shock-damage studies on Shot
Umbrella, the same principal four surface target ships and one submarine were exposed as for
Shot Wahoo, i.e., the DD-593, DD-592, DD-474, the EC-2 and SSK-3. These ships were, re-
spectively, located stern-on a feet, broadside 26 feet, stern-on atdjiiffeet, broad-
side a feet and bow-on a=feet from surface zero as shown in Figure 3.3 (Umbrella
array). In addition, the submarine-like Squaw-29 and its instrument barge, YFNB-12, were in-
cluded, respectively located stern-on 2} ane@iillioot range.

The ships’ machinery and equipment and the foundations thereof (including hull bottoms,
hull frames, decks, and superstructures on the four surface target ships) were relatively highly
instrumented with the same gages and gage-recording equipment as had been previously installed
for Shot Wahoo. This included a total of 43 high-speed cameras installed in the four surface
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TABLE 3.5 STRAINS ON SQUAW-29 FROM SHOT UMBRELLA

Direction of

Position Measurement Frame Degree Strains in mils per inch
Number . Number from Crown Maximum Permanent Set
of Strain
s1 * 33, 0 - 3.8 1.6
s2 — 60S 4.7 1.8
S3 : — 1208 7.5 3.5
54 — 180 8.3 4.6
3 —_— 60P 5.6 3.0
86 — 120P 5.5 2.6
s7 * 37Y%, 0 6.9 4.0
S8 — 16P 9.9 6.0
S9 — 32p 10.0 6.6
510 — 60P 8.7 5.4
511 —_ 90P 10.8 7.4
512 — 120P 11.0 9.0
s13 — - 180 5.2 2.4
S14 — 603 5.2 3.1
815 —_ 1208 12.7 9.0
S16 * 34 0 8.1 4.1
S17 37 0 13.0 7.5
s18 i 37Y, 2P —6.0 —-4.0
s19 33%, 328 -1.7 —-0.8
520 33Y, 180 —-0.9 —-0.2
s21 38Y, 180 2.0 0.0
522 * 25Y, Av 1 1
523 : 54 — 1.7 0.2
524 § — — 0.0 0.0

* Circumferential (compression is positive strain).

7 Axial {(compression is positive strain).

I Two gages at right angles (compression is positive strain).
§ Dummy gage on unstrained block.

¥ Gage failed before shot.

TABLE 3.6 STRAINS ON THE USS BONITA (SSK-3) FROM SHOT UMBRELLA

Position Number Location * Maximum Strain  Equivalent Depth §
i in/in ft
S1 Frame 27 at crown 600 500
S2 Frame 27, 90 deg port 1,160 640
S3 Frame 52% at crown 360 280
S4 Frame 52Y%, 26 deg port 350 270
s5 - Frame 52, 45 deg port 390 - 310
S6 Frame 52Y%, 90 deg port 200 230
S7 Frame 52, 90 deg stbd ° 310 180

* All gages measured circumferential strain. Compression is recorded as positive
strain.

i Change in depth of submarine which would produce same static strain as the largest
dynamic strain observed. Strain gages were calibrated during deep-dive trials.
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ships, the SSK-3, and the Squaw, primarily for the purpose of recording shock damage to ma-
chinery and equipment. The same gages and recording equipment were also used on the sub-
marine SSK-3 as had been previously installed for Shot Wahoo. The description of this instru-
mentation has been included in Section 2.4.3. In general, all shipboard machinery and equipment-
response instrumentation installed for Shot Wahoo was also used for Shot Umbrella.

In addition, a total of 16 velocity-meter gages and 16 shock-spectrum-recorder gages were
installed on the items of simulated major shipboard machinery and equipment in the Squaw.
Seven of the high-speed cameras were installed in the Squaw to measure the shock motions of
this equipment, as well as the hull motions thereof, for correlation with the shock velocity-time
and shock-spectra data. : i

Results. On all seven ships in the Shot Umbrella array, records of the shock motion ver-
sus time were made successfully with all electronic-velocity meters. Timing-signal equipment
and zero-time fiducial signals functioned satisfactorily. Good records were obtained on all ex-
cept six of the 170 shock-spectrum recorders installed. All but one of the 43 high-speed cam-
eras gave satisfactory results, with good quality films. In general, all instrumentation functioned
in an excellent manner.

The records of shock versus time obtained from minus two to plus 20 seconds after detonation
showed several excitations. However, in all cases, the maximum shock velocity was produced
by the direct-shock wave. Minor motions produced by a sea-bottom-induced-pressure wave pre-
ceded those from the directly transmitted wave.

Figure 3.49 shows a typical oscillogram record from one of the targets, the response of the
direct-shock wave on the EC-2. Tables 3.7 and 3.8 show a tabulation for the EC-2 and DD-474
of the velocities, rise time, and average acceleration for both the initial direct shock and the
later motion which occurred after about %, second. The tabulations interestingly show the gen-
eral range of response motions on various items of machinery and foundations. The maximum
vertical velocity of about 12 ft/sec on the EC-2, 7 ft/sec on the DD-474, 3 ft/sec on the DD-592,
and less than 1 ft/sec on the DD-593 compared reasonably well with similar measurements taken
for the hull studies.

An example of the shock-spectrum recorder-data,which has been read and reduced, is shown
in graphical form in Figure 3.50. ‘

The ship’s machinery and equipment of the EC-2, located broadside at 1,600 feet from surface
zero, had been previously disabled by Shot Wahoo and this severe damage was increased by Shot
Umbrella. This further disabling damage occurred when the casting over the low-pressure cyl-
inder of the main engine broke off. Additional brickwork in the boiler crumpled. Structural
damage in the propeller shaft alley was markedly increased.

On the DD-474, stern—on-eet from surface zero, the ship’s machinery and equipment
damage could probably be classified as light but closely approaching the moderate-damage
range. The bolts attaching the flexure plate that supports the main propulsion turbines and con-
densers to the ship hull structure were further deformed in both shear and bending. The flexure
plate itself began to buckle. Misalignment resulting from these deformations may have seriously
damaged the propulsion plant; this will be determined later in a shipyard tear-down inspection.

It will be recalled that complete failure of these flexure-plate bolts would drop the turbine into
the bilge, and at normal turbine speeds this probably would result in severe damage to the ship.
Figure 3.51 shows the vertical velocity records at the bulkhead, at the flexure plate and on the
foundations {or high-pressure and low-pressure turbine subbases in the forward engine room of
the DD-474. The average accelerations were 27, 9 and 6 g, respectively. In addition, the
DD-474 ship’s master gyrocompass was made inoperable because of failure of support springs.
Brick work in three of the four boilers was out of place. The sonar-head motor fell off its sup-
ports, preventing operation. Further gun damage, breakage of light bulbs, and shattering of
several water closets also resulted.

The shock damage was negligible on the DD-592 and DD-593 a-and.feet, respec-
tively. ’

The shock damage to equipment on the SSK-3 awiifj§foot range, bow-on, consisted of minor
items such as loosened bolts attaching some equipment, the flooding of No. 3 torpedo tube, and
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some broken fluorescent light tubes. Since any of these items could be rectified within a {ew
minutes, none was disabling. '

The Squaw-29, submerged at 50- foot depth, at‘feet from surface zero, stern towards
the burst, sustained some simulated equipment damage. The steel weights simulating submarine
main engines, generators, and motors had undergone severe response. One of the 24 bolts at-
taching the one simulated engine-generator failed in tension; the other 23 bolts were loose, many
stretched as much as Y| inch. In general, all mounting bolts for the simulated equipment on the

TABLE 3.7 VELOCITIES, RISE TIMES, AND AVERAGE ACCELERATIONS ON SS§ MICHAEL MORAN (EC-2)
FROM SHOT UMBRELLA

. Initial Shock Later Motion »
Position Orientation * Location Peak Rise Average Peak Rise Average
Number Velocity Time Acceleration Velocity Time Acceleration

ft/sec  msec g ft/sec msec g

1 v Bottom center Bulkhead 88 5.6 6 31 5.t +3 3

2 \' Bottom center Frame 97 8.6 1 210 +.9 40 4

3 A Bottom center Frame 97 -6.3 1 —-220 1.1 10 3

4 v Bottom stbd Frame 97 10.7 4 79 5.3 12 13

5 v Bottom port Frame 97 _ 11.3% 41 97 4.9 40 4

6 A Low sthd Frame 97 -43 B -25 ~4. 8 -17

7 A Low port Frame 97 —-24.9 1 -1,500 H § H

38 A Higher stbd Frame 97 —-8.4 11 -23 -4.8 7 =21

9 A Higher port Frame 87 -35.3 3 -390 3 H §

10 v Subbase main engine 5.3 5 33 5.6 48 4
11 A Subbase main engine —-2.4 8 -9 Q.7 3 4
12 v Foundation Caterpillar diesel 7.5 4 60 4.7 6 ' 24
13 A Foundation Caterpillar diesel -6.7 1 -210 1.7 3 138
14 v Foundation steam-generators 751 131 18 4.7 13 11
16 v Top of main engine 75¢ 71 33 4.0 9 14
17 A Top of main engine -3.1 3 -32 1.2 9 4
138 v Caterpillar diesel 9.9 6 48 5.8 13 14
19 A Caterpillar diesel -3.0 3 —60 1.4 6 7
21 v Platform deck Bulkhead 38 5.5 6 27 2.5 11 T
22 v Platform deck Frame 83 5.5 8 22 5.1 27 [
23 Al Platform deck Frame 83 -3.5 13 -8 -2.7 37 -2
24 v 03 level Frame 89 4.5¢ 18t 8 7.1 46 5
25 v Wheelhouse 8.11 251 10 9.7 57 5
26 A Wheelhouse ~3.6 18 -6 § § §
27 v Steering gear room 2.6 4 18 -1.1 25 -1
28 v Shaft alley 9.7 1 600 § § H]
29 \' Foundation operating diesel 5.9 3 61 5.5 37 S
30 v Operating diesel 4.2 12 11 9.1 48 G

* Direction of measurement of motion: V, Vertical (motion upward is positive); A, Athwartship (motion to port
is positive).

t Occurred about 0.24 second after initial shock motion.

? Meter bottomed at the limit of its displacement while velocity was still increasing.

§ Meter damaged after initial shock motion and gave no further record.

SSK-3 were loosened as a result of such stretching action. The YFNB-12, end-on at 2,350 feet,
did not receive any equipment or structural damage.

Conclusions. The shipboard machinery and equipment shock damage on the target ships
for Shot Umbrella occurred approximately as predicted. In the following conclusions of these
studies, it should be understood that they apply to Shot Umbrella conditions:

1. The minimum safe range for delivery of an antisubmarine weapon by destroyers is-
feet for Shot Umbrella conditions. Damage or malfunction of particularly delicate equipment
(e.g., some types of electronic equipment) may occur at larger ranges.

2. The range for moderate damage for delivery of an antisubmarine weapon by destroyers
i : -t for Shot Umbrella conditions.

3. The minimum safe range for 2 submarine i—for Shot Umbrella
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conditions. Damage to particularly delicate equipment may occur at larger ranges.

4. The range for moderate damage to a submarine for Shot Umbrella conditions is from

eet.

5. Shock data defining the intensity and character of shock motions on merchant ships were
obtained on an EC-2 ar-eet from Shot Umbrella. At this range, complete disablement
damage previously received was repeated and considerably increased.

6. Sets of shock motion data were obtained on all ships during Shot Umbrella.

7. Insufficient data still exist for correlating shock motion with damage to ship’s equipment.

TABLE 3.8 VELOCITIES, RISE TIMES, AND AVERAGE ACCELERATIONS ON
USS FULLAM (DD-474) FROM SHOT UMBRELLA

Position . - . Peak Rise Average
Number Orientation * Location Velocity ¥ Time Acccleration

ft/sec msec g

1 v Keel Frame 22 5.0 1 250
4 \ Foundation battery control 3.3 1 100
3 \' Battery control 3.3 1 110
6 A Radio central Bulkhead 72 2.9 16 6
13 \' Kecel Frame 99 5.7 1 230
17 v Keel Bulkhcad 110 3.4 3 32
18 L ‘Keel Frame 109 1.1 1 43
19 v Flex platc Bulkhead 92Y% 2.4 1 120
20 v Foundation reduction gear, fwd 3.1 2 61
21 A Foundation reduction gear, aft 3.2 5 19
22 v Foundation turbogenerator, fwd 4.1 12 11
23 A Foundation turbogenerator, fwd -1.9 21 -3
24 v Foundation turbogenerator, aft 3.2 8 13
23 ¢ A Foundation turbogcnerator, aft 1.2 1 46
26 \' Reduction gear 4.6 5 30
27 v Subbasc HP turbine 5.6 18 9
23 \ Subbase LP turbine 5.6 27 6
29 v Subbasc turbogenerator 5.0 14 11
31 \' Main deck Bulkhead 110 4.5 12 11
33 v Main deck Frame 107 3.8 16 8
34 v Deckhousc top 6.6 18 8
46 v Foundation 5-in. gun 5.5 3 60
48 v Stecring gear room 5.5 2 110
A9 A Stcering gear room 2.0 1 45
50 L Steering gear room 1.7 12 4
51 v 5-in. gun 7.5 12 19

= Direction of measurcment of motion: V, Vertical (motion upward is positive); A, Athwart-
ship (motion to port is positive); L, Longitudinal (motion forward is positive).

+ Values shown are for the initial shock motion. An additional shock motion occurred about
0.19 second after the initial shock but values are not tabulated here. Peak velocities for the
additional shock motion were somewhat smaller than for the initial shock and average accelera-
tions were much lower.

The general lack of equipment damage, except on the EC-2, still leaves correlation of response
data in the severe-damage range to be resolved.
8. The safe range and the damage for both submarines and surface ships is determined by

shock damage to ship’s machinery and equipment rather than hull damage, for both Shot Wahoo
and Shot Umbrella conditions.

3.4.5 Summary. In summary, it is concluded that on Shot Umbrella, the results obtained
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from the projects in Program 3 were generally successful in achieving the main objectives of
the program. . ’

The responses and damages to hulls and to ships’ machinery and equipment of the surface
ships EC-2, DD-593, DD-592 and DD-474 were about as predicted. Response and damage to
the submarine target, the SSK-3, was approximately as predicted. Response and damage to the
Squaw-29 was somewhat less than predicted. The reason for the latter will be known only after
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Figure 3.51 Vertical velocities of turbine foundation and subbases in USS Fullam
(DD-474), for direct shock wave from Shot Umbrella.

detailed —.alysis of results. However, it may be due to a greater than estimated hull strength.

The EC-2 merchant ship located broadside (starboard) a-eet from surface zero sus-
tained light hull damage similar to that previously received on Shot Wahoo, broadside (port).

A maximum transient displacement of about four inches in the hull-side frames near the ship’s
center produced a maximum permanent hull-side-frame displacement of about 1 Y, inches. Max-
imum permanent hull-plate dishing between frames was about ¥, inch. Hair-line fracture cracks
at various minor locations on the steel hull deck and superstructure were found. The propeller
shaft alley tunnel was further seriously distorted, to a maximum of about 12 inches. As after
Shot Wahoo, minor hull flooding, caused by leaks in the hull, was controllable by pumping. In
contrast to the light hull damage, the severe disabling damage previously caused by Shot Wahoo
to the ship’s machinery and equipment of the EC-2 was further increased by Shot Umbrella.

As expected, there was no hull damage to the DD-474, the destroyer closest to surface zero and
located stern-to aJioot range. However, a slight buckle in the aiter stack of the DD-474
bent bulwarks around the after gun tubs, and a slightly buckled mast was produced by a com~
bination of shock and the surface water-wave passage over the stern. The ship’s machinery and
equipment damage on the DD-474 could probably be classified as light but closely approaching
the moderate-damage range. The flexure-plate bolts which support the foundations to the main
turbines were further deformed in both shear and bending. Misalignment between the turbine
and propulsion shaft resulting {rom the bolt deformation was taken up in the coupling. Although
the turbine still operated at the normal 400 rpm cruising propeller-shaft speed through and after
the shot detonation, an increased machinery noise level indicated that the deformations may have
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seriously damaged the propulsion plant. This will be determined later in a shipyard tear-down
inspection. Other damage on the DD-474 consisted of ship’s master gyrocompass made inoperable;
brickwork in three out of four boilers knocked out of place; further five-inch gun damage occurred;
and several water closets were shattered.

Hull and machinery shock damage on the other surface target ships on Shot Umbrella was
considered negligible.

There was no hull damage of the SSK-3, submerged at a depth-and located bow-on at

S oot range. Shock damage to equipment consisted of minor items, such as loosened bolts
attached to some equipment and flooding of one torpedo tube. None of this shock damage was
disabling, and it could have been rectified within a few minutes.

Hull damage to the Squaw-29 was less than expected; lethal damage and {looding of the pres-
sure hull did not occur. However, four of the ten external ballast tanks ruptured. Maximum
permanent plastic deformation of the 7/g-inch pressure hull plating was about ¥ inch between
frames. Some equipment damage occurred on the Squaw, including tension failure of one 7/s-inch
diameter equipment hold-down bolt and up to ’/;-inch stretching of numerous other hold-down
bolts, indicating all equipment had undergone severe response.

From the results obtained, there was confirmation that the safe range and damage range for
submarine and surface ship targets, under Shot Umbrella conditions, is determined by shock
damage to ships’ machinery and equipment, rather than by hull damage.

The following other preliminary conclusions drawn from Shot Umbrella data with respect to
both hull and shock damage to ships’ machinery and equipment are considered significant. It
should be understood that these apply to the shallow water Shot Umbrella conditions.

1. From the standpoint of hull deflection, the estimated lethal range for an EC-2 merchant
ship iJJJiiffeet for Shot Umbrella conditions.

2. The severe or crippling shock-damage range for machinery and equipment of an EC-2
merchant ship igj#feet, under Shot Umbrella conditions.

3. The minimum safe range for repeated delivery of an antisubmarine weapon by destroyers
i SN < c <t for Shot Umbrella conditions. Damage or malfunction of particularly deli-
cate equipment, i.e., electronic equipment, may occur at larger ranges.

4. The minimum safe range for single delivery of an antisubmarine weapon by destroyers,
with shipyard availability soon after, i JJEBBicct for Shot Umbrella conditions.

5. The minimum safe range for delivery of an antisubmarine weapon from a submarine is

for Shot Umbrella conditions. Damage to particularly delicate equip-
ment, i.e., electronic equipment, may occur at range

6. Considerable basic information on hull response on surface ships as related to free-field
pressures and loading measurements was obtained. This has provided check points for small-
scale ship model experiments, which, upon further analysis, are expected to prove valuable in
extrapolating results of Shot Umbrella to other geometries and ships.

7. From the standpoint of ship damage important to combat capability, the safe range for
surface ships likely to delivery nuclear underwater weapons in the foreseeable future is deter-
mined by shock damage to equipment, rather than damage to the hull.

8. Further shock testing of both destroyer and submarine types is believed necessary at
ranges where more severe damage will occur, in order to provide information required to more
adequately shock harden the designs of these types of ships.

3.5 NAVAL MINE FIELD CLEARANCE BY ATOMIC UNDERWATER BURSTS

3.5.1 Objective. The objective of this experiment was to determine the ranges at which
typical stockpile U. S. Naval bottom mines would be neutralized by a shallow water nuclear burst.
In general, Operation Hardtack offered realistic test parameters for providing field data on

the feasibility of clearing bottom mine fields with nuclear weapons, since most bottom mines
would normally be planted i The data obtained may be used in con-
junction with other experimental data and theory to determine the probable effectiveness of nu-
clear weapons as a Naval mine countermeasure for all types of underwater mines.
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3.5.2 Background. Mines that employ combination-influence mechanisms, delayed-arming
devices, variable-ship counts, and anti-sweep devices may present a difficult problem to a
mine-sweeping force. Explosive-clearance techniques could be used to destroy such a mine
barrier in certain tactical situations, since any type of Naval mine may be neutralized by ex-
plosive means in several ways. Simple single-look mine mechanisms may be actuated by ex-
plosive shocks; acoustic mines may be actuated by explosions at ranges of several miles; single-
and-combination-influence mechanisms may be damaged physically by explosive shock; and
sensitive mine detonators may be initiated by near-contact explosions. However, all available
data on response of mines to explosives indicate that case rupture is the proper criterion by
which to consider a mine destroyed.

The mine characteristics of a typical mine such as the mine re presented so
as to provide a background for further details about this project. This stockpile mine is an
aircraft-laid bottom mine that may be dropped without a parachute from altitude-
Specially designed shock mounts within a strong case prevent damage to components when the
mine strikes the water. The mine is equipped with an induction-firing mechanism actuated by
currents induced in a search coil by the magnetic field of a ship. The mine may be used against

This mine is one of the

most difficult mines to render inoperative with explosives.

To provide additional background, a brief discussion is presented on the latest additions to
the Navy mine arsenal. In the latest designs, there are influence-field detectors and associated
firing mechanisms of three types {pressure, acoustic, and magnetic). The mine Mk 52 Mod 1
employs a magnetic-firing mechanism. The Mk 52 Mod 3 uses a combination of two {iring mech-
anisms that respond individually to the magnetic and pressure-influence fields of a vessel. The
Mk 52 Mod 6 uses a combination of three firing mechanisms, pressure, and acoustic.

The characteristics of each firing mechanism may be varied over a considerable range by
choice of switch settings or plug-in circuits. All modifications of the Mk 52 mine have variable
delay-arming times, sterilization times, ship counts, and inter-ship dead period. The total
number of possible combinations of operational settings for the Mod 6 is 5,760. This mine is
extremely difficult to sweep. }

In situations where a nuclear detonation occurs underwater, the shock wave is of much longer
duration than the shock wave from conventional mines and depth charges. Damage to mine cases
corresponds in static manner to maximum pressure. This criterion is used in “Capabilities of
Atomic Weapons, ” (Reference 15), to obtain curves of range versus yield for underwater mine-
field neutralization. Consequently, the following criteria for mine damage were used in select-
ing mines at each range for Shot Umbrella:

3.5.3 Instrumentation. Two types of instrumentation were used: mechanical peak-pressure
gages and mine-operation monitors. The mechanical-pressure gages provided the means by
which the peak pressure of a shock wave of known time dependence could be computed from the
deformation of a2 small copper sphere, compressed by a pressure-actuated piston.
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The mine-operation monitoring system was designed to be mounted inside the mine in the
space normally occupied by the booster and extender. The system was fitted in the booster
compartment of the mine. Basically, it was a miniature tape transport that could transport 160
feet of Y,-inch tape across a six-channel recording head for a period of 14 days. When the mines
were planted, a hydrostatic switch was operated by the increase of water pressure with depth.
In the case of the Mk 50, this switch simultaneously armed the mine and started the mine-
operation monitoring system. All events recorded on the tape could then be related to the time
of planting. In the case of mines Mk 39, 52, and 25, Mod 2, the hydrostatic pressure initiated
a clock-delay mechanism, which delayed mine arming and recorder initiation for a preset pe-
riod. The time of arrival could, therefore, be determined with respect to planting time. An
indicator was installed in each mine to put a 10-second signal on one of the channels of the tape
not used for mine actuations. The indicator was simply a one-shot multivibrator of 10-second
period that would be triggered by the pulse emitted by a piezoelectric crystal when the shock
wave impinged on the mine case.

The playback system consisted primarily of a tape transport, a time counter, and a readout
device. This was installed on Site Elmer. As soon as the recorders were removed from the
mines, the tape magazines were removed for processing.

In order to determine the effects of the nuclear detonation upon the mines as a function of
distance, the mines were planted in rows at distances of between 1,500 and 8,000 feet from sur-
face zero. The first three rows contained one or more mines of each type. The extent of dam-
age to the mines at each range was determined by visual observation and measurements of de-
formation upon recovery. The distance of each mine from surface zero was computed from
bearings and radar fixes made by means of the navigational equipment aboard the USS Takelma
(ATF 113). The distance values are considered to be accurate to = 20 yards.

The extent of mechanism damage incurred by each mine type at each range was determined
by visual inspection. ,

After recovery, all mines were given operational tests with standard mine-test sets, in order
to determine whether or not all components were functioning normally after the shot.

The operations of 23 mines of various types, planted at various distances, were monitored
for a period of time, extending from the time at which the mines were armed to the time of re-
covery, by means of the system of internal recorders. The types and locations of these instru-
mented mines are indicated in Figure 3.52. '

In order to extrapolate the mine-neutralization data to different weapons, a knowledge of the
pressure-time histories at various ranges from Shot Umbrella was desired. In the {inal report
(WT—1641), the pressure-time recordings and ball-crusher-gage data obtained by Project 1.1
will be correlated with that obtained by Project 6.7.

Water depths of all mines laid by the USS Takelma were measured with a fathometer. Data
on the bottom characteristics of the Shot Umbrella target area was furnished by Project 1.13.
This data will be useful in scaling mine-neutralization ranges for weapons of various nuclear
yields in future studies of the mine-clearance problem.

All mines in the first row were completely demolished. The distances and mine types in-
volved in the close-in area are given in Table 3.9. Damage sustained by a Mk 25 Mod 2 at
1,380 feet from surface zero is illustrated in Figure 3.53.

The effects produced by Shot Umbrella at distances greater than 1,600 feet are listed in Table
3.10. The type of damage suffered by Mk 25 Mod 2 mines at 1,980 feet is illustrated in Figure

3.54. These were the only mines in the second row that suffered case damage. —
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Figure 3.52 Layout of mine field.
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Figure 3.53 Damage to mines Mark 25-2 at
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the instrumented mines. The cause of the failure of the firing mechanisms M-11 of the two Mk
39 Mod 0 mines and the ACM circuits of the Mk 50 Mod 0 mines is not as yet known.

The mine actuations, by type, that occurred at time of Shot Umbrella are presented in Table
3.11 for mines located from 1,920 feet to 4,000 feet from surface zero. The type of actuations
recorded are similar to those that have been recorded in counter-mine tests using high explo-
sives. At the time of the shot, none of the mines fired. The pressure looks which occurred at
the time of the shot are assumed to have been caused by closures of the sensitrol relay, SR-9,
by shock.

All mechanical-pressure gages were recovered. Eight of the gages did not function. The
deformations from the remaining 20 were measured, and the peak pressures were computed.
Since the timc dependence of the shock waves at various distances from surface zero will not be
known until made available by Project 1.1, the peak pressures were computed on the assumption
that the time dependence of the shock wave was a simple step function. These values, plotted
as a function of distance from surface zero, are presented in Figure 3.55. Since the time con-
stant of the shock wave is expected to be long, the step response approximation is warranted;
however, the values in Figure 3.55 should be considered as preliminary.

- 3.5.4 Feasibility of Wide Area Clearance of Naval/Inﬂuence Mines by Nuclear Weapons. The
overall objective of the project was to determine the feasibility of employing nuclear weapons for
wide-area mine clearance by influence means. To accomplish this, the specific objectives of the
program were: (1) to measure and record the amplitude, duration, and extent of mine-actuating
influences (pressure, acoustic, and magnetic) which may be generated at the sea bottom by the
explc—*~n of a low-yield (8 to 13 kt) nuclear weapon in shallow water (approximately 150-foaot
depth); (2) to determine the reaction of certain instrumented U. S. Naval mines to the influences
generated; and (3) to evaluate the effect of influences generated in sweeping single-influence and
combination mines. \

Project 6.8 was planned on the basis of obtaining data from Shot Umbrella. Data for checkout
gnd calibration purposes was obtained from Shots Wahoo, Yellowwood, and Tobacco. Three LCU
instrumerntation platforms were located at distances of 8,300, 20,150 and 44,750 feet from surface
zero of Shot Umbrella. Figure 3.56 shows the locations of the instrumentation platforms, relative
to surface zero, for each of the four shots. Figure 3.57 shows the location of underwater instru-
mentation with respect to one of the three platforms. Table 3.12 identifies the underwater units
and provides code numbers by which results are identified with a specific underwater unit.

3.5.5 Data Requirements. Data was required in order to obtain information on the dufation,
extent, and characteristics of mine-actuating influences resulting from Shot Umbrella and to
determine the reaction of certain instrumented U. S. Naval mines to the influences generated.
Instrumentation to obtain the following data was provided:

1. Pressure Measurements: The time-pressure history resulting from the shot. Included
were pressure changes due to waves, swells, and the shock wave.

2. Magnetic Measurement: The time history of the magnetic-{ield changes.

3. Acoustic Measurements: The time history of the sound-pressure level, 2 cps to 40 kc.
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to Platform 1 (Station 681.01). For identification of code numbers of
underwater units, see Table 3.12.
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4. Seismic Measurements: The time history of displacement of the bottom (limited data).
5. Mine Reaction: '

Mk 25 Mod 0: looks, fires, and search-coil output.
Mk 25 Mod 2: looks, pressure-switch opening, fires, and search-coil output.
Mk 36 Mod 2: ACM, fires, and plate-voltage rise.
Mk 50 Mod 0: ACM, fires, and plate-voltage rise.

6. Correlation of all influence measurements and mine reactions with respect to time.
As a typical example of the instrumentation utilized, there follows a detailed description of

TABLE 3.12 ARRAY SPECIFICATIONS FOR PLATFORM 1, STATION 681.01

Item Mine/Instrument Type Serial  Depth Distance from Bearing from Orientation
Number * Number of Water Platform Center + Platform Center{ of Item§
ft ft deg true deg magnetic
1 LCU 1317 — 140 -— — 273
2 Mine Mark 25 Mod 0 1M1 145 : 800 339 000
3 Mine Mark 25 Mod 0 1M3 145 825 347 045
4 Mine Mark 25 Mod 0 1M2 145 790 . 354 090
5 Total Field Magnetometer 8 ¢« 145 800 001 —_
9 Mine Mark 36 Mod 2 1A1 140 500 357 176
10 Mine Mark 36 Mod 2 1A2 140 500 359 176
11 Mine Mark 50 Mod 0 1A3 140 500 00l 176
12 Mine Mark 50 Mod 0 1A4 135 500 . 004 176
L]
13 Y~Inch Tourmaline Gage 130 140 225 334 —
14 !4-Inch Tourmaline Gage 134 140 225 349 —
15 !4-Inch Tourmaline Gage 128 140 225 o010 —
16 Hydrophone BC-50 98 142 225 127 — /
17 Hydrophone BC-50 102 142 250 147 _—
18 Hydrophone BC-50 104 142 225 173 —_—
19 Geophone Vertical 453 142 225 — —
20 Geophone 3-Component 422 142 225 _ 273
20A Geophone 3-Component 490 142 225 193 273
21 Pressure Pickup 30 140 475 138 273
. 0.2-Inch-100-Inch Range . ’
22 Pressure Pickup 300 Pound L8V 140 425 158 273
23 Pressure Pickup | 32 140 400 178 273
0.2-Inch-100-Inch Range
24 Pressure Pickup 31 140 460 205 273
0.2-Inch-100-Inch Range
25 Total Field Magnetometer 3 143 800 161 000
26 Total Field Megnetometer 5 143 800 170 000
27 Mine Mark 25 Mod 2 1MP2 143 800 179 090
28 Mine Mark 25 Mod 2 1MP1 143 800 188 000
“1”  Dan Buoy Mark 5 —_ —_— 1,100 303 —
“2"”  Dan Buoy Mark 5 — —_ 1,100 015 —
“3"  Dan Buoy Mark § —_ —_ 1,100 087 —
“4"  Dan Buoy Mark 5 —_ — 1,100 159 —
“5"  Dan Buoy Mark 5 — —_— 1,100 231 —

* Items correspond to item numbers shown in Figure 3.57.
t Accuracy of distance from platform center is + 20 feet.
1 Accuracy of bearing from platform center is + 1 degree.
§ Accuracy of orientation is + 3 degrees.

the instrumentation for pressure measurements. (Comparable instrumentation was utilized to
obtain acoustic, magnetic, and seismic measurements.) Pressures covering the range from
0.2 inch of water (0.0072 psi), peak to peak, to 2,768 inches of water (100 psi) were recorded

in three channels of information. The first channel recorded peak-to-peak pressures from 0.2
to 20 inches of water, and the second channel recorded peak-to-peak pressure from 1 to 100
inches of water. The third channel recorded to 100 psi. The upper frequency cutoff of the high-
pressure pickup (100 psi) was approximately 500 cps. :
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Pressures were recorded as a function of time prior to time zero and for a period of approxi-
mately 20 minutes thereafter. The 20-inch and 100-inch pressure signals were detected by an
MDL pressure pickup, using a Wiancko + 10-psi gage, Type 1404. The +100-psi pressure sig-
nals were detected by an MDL pressure pickup using a Wiancko +100-psi gage, Type 1404. The
pressure pickup containing the + 10-psi gage had been modified by the addition of a low-pass hy-
draulic filter to prevent damage to the gage during fast rise-time high pressures.

3.5.6 Playback System. A block diagram of the pressure instrumentation is shown in Figure
3.58. This system, with the exception of the high-pressure pickup, was duplicated at each sta-
tion. The MDL pressure-amplifier detector and the MDL pressure pickups were developed at
the U.S. Navy Mine Defense Laboratory (formerly U.S. Navy Mine-Countermeasure Station),
prior to this project. Information concerning this portion of the pressure system may be ob-
tained from USNMCS Report No. 46 (Reference 16). The T-channel tape recorder was Ampex
Model FR-107. The buffer amplifier used to drive the high-pressure bridge was a push-pull
triode circuit with transformer coupling and was identical to the buffer amplifier in the pressure-
amplifier detector that drove the low-pressure bridge. The high-pressure bridge was similar to
the low-pressure one in the pressure-amplifier detector, but it operated in a balanced condition
and used an additional RC network to balance out the reactive component of the current in the
bridge. The inputs to the 20-inch and 100-inch cathode followers were connected to the range-
switch-voltage divider in the pressure-amplifier detector at the 2-inch and 20-inch points, re-
spectively. The output of each of the cathode followers was fed into a resistive bridge, and the
wiper output was fed to the tape recorder. The bucking voltage supply was'also fed to this bridge,
and,by adjustment of the potentiometer in the bridge circuit, the direct-current bias of each of
the cathode followers could be balanced out. The bucking voltage power supplies were simple
bridge rectifier types supplied with a floating output of 150 volts dc. By relay action, the
pressure-calibration panel operated the calibrate power supply in the pressure-amplifier de-
tector, which in turn produced the calibrate action in both the high-pressure and low-pressure
pickups.

An example of a typical monitoring system is that which was used on the Mk 25 Mod 0 mines.
A block diagram of the mine-monitoring system is shown in Figure 3.59. (Comparable systems
were utilized to monitor Mk 25 Mod 2, Mk 36 Mod 2, and Mk 50 Mod 0 mines.) The mine-
control panel remotely controlled power to the firing mechanism and dc amplifier in the mine
by means of a relay in the mine. Magnetic signals detected by the search coil produced volt-
age changes which were fed to the firing mechanism and were also monitored by means of the
amplifier. Information on the look and fire reactions of the firing mechanism were monitored
by pen recorders. Search-coil voltage was monitored by a frequency-modulation (FM) channel
of a tape recorder. A step change magnetic signal was fed from the trailer to the 10-turn coil
placed around the search coil for use in calibration of the search-coil voltage monitor and to
check operation of the overall system.

The mine-reaction data (looks and fires) were of the go-no-go type, causing a pen deflection
for about one second. The search-coil-voltage data was essentially the output of the three pulse-
per-second oscillator in the M-11 firing mechanism as seen by the search coil. In the ambient
condition, the pulses appeared across the search coil at comparatively low magnitude; when a
voltage appeared across the search coil, the pulses showed a change in amplitude. The relative
direction of the pulse spikes, both in the ambient-field condition and with search-coil voltage ap-
plied, was an indication of direction of search-coil voltage and, hénce, of magnetic-field change.
The nature of this information is not particularly conducive to interpretation. For this reason,
calibration signals of at least six levels from 0.02 milligauss to 5.0 milligauss in both directions
were required immediately prior to the shot.

A representative mine idealization and checkout was that performed on the Mk 25 Mod 0 and
Mk 25 Mod 2 mines. The preparation of the mines was accomplished with the background
(earth’s) field vector aligned in the same direction with respect to the mine as it was when
planted. (Before idealization, the search coil was removed from the mine and placed at least
50 feet away from the idealizer.) Since mines were planted in each of three orientations, the
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Figure 3.58 Block diagram of pressure measuring system.
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